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ABSTRACT
Chapter I.
In the presence of the N-heterocyclic carbene ligand IPr, the nickel(0)-catalyzed coupling
reaction of a-olefins and branched aliphatic isocyanates provides c,-unsaturated amides arising
from preferential C-C bond formation at the 2-position of the olefin. This sense of
regioselectivity contrasts with the observed carboxamidation at the 1-position of the olefin when
phosphine ligands are used. In this reaction, a simple alkene acts as the functional equivalent of a
2-alkenylmetal reagent.
Ni(cod)2 10 mol %
Pr 10 mol % 0 0
+ toluene, 60 *C R N R + R1 R2N.R2H H
= major minor
\ N NR1 = alkyl' 2 = Cy, 16 examples, 24-95% yield
benzyl ---B
1Pr =
Chapter II.
Synthetic studies on the antibiotic natural product ripostatin A have been carried out with
the aim of constructing the C9-C1O bond via a nickel(0)-catalyzed coupling reaction of enynes
and epoxides developed in our laboratory, followed by rearrangement of the resulting
dienylcyclopropane intermediate to afford the skipped 1,4,7-triene.
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A cyclopropyl enyne fragment corresponding to C1-C9 of ripostatin A can be
synthesized in high yield over 10 steps and was demonstrated to be a competent substrate for the
nickel(0)-catalyzed coupling reaction with a model epoxide. The origin of regioselectivity in this
particular transformation is also discussed.
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Several synthetic approaches towards the desired C1O-C26 epoxide fragment have been
pursued. The presence of the C19-C20 trisubstituted olefin renders introduction of the epoxide
via oxidation of or iodocyclization onto a terminal alkene unsuitable. Access of the epoxide by
way of nucleophlic displacement should circumvent these problems. The C13 stereocenter can
be set via the allylation and reductive decyanation of a cyanohydrin acetonide.
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A mild, fluoride-promoted decarboxylation enables the construction of the C15-C16
bond via an aldol reaction. This product of this transformation is of the correct oxidation state
and three steps removed from the targeted epoxide fragment.
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DMP Dess-Martin periodinane
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EA elemental analysis
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IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
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i-Pr isopropyl
IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
IR infrared
I-t-Bu 1,3-di-tert-butylimidazol-2-ylidene
LAH lithium aluminum hydride
LDA lithium diisopropylamide
Lut 2,6-lutidine
IW microwave
Me methyl
mg milligram(s)
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MS molecular sieves
NaHMDS hexamethyldisilazane sodium salt
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n-Hex n-hexyl
NMO 4-methylmorpholine N-oxide
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
Ph phenyl
PMA phosphomolybdic acid
PMB para-methoxybenzyl
Pr propyl
Pyr pyridine
rt room temperature
s-Bu sec-butyl
TBAF tetrabutylammonium fluoride
TBAI tetrabutylammonium iodide
TBHP tert-butylhydroperoxide
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t-Bu tert-butyl
THF tetrahydrofuran
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
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TLC thin layer chromatography
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Chapter 1
Nickel-Catalyzed Preparation of Acrylamides
from Alpha Olefins and Isocyanates
Introduction
Catalytic reactions that effect selective C-C bond formation allow for the rapid assembly
of highly functionalized molecules from simple precursors. Aliphatic terminal alkenes (alpha
olefins), industrially produced on a megaton scale each year, are highly desirable precursors for
such transformations due to their low cost and ready availability.!
Our group's interest in the functionalization of simple alkenes arose from the desire to
develop a synthesis of allylic and homoallylic alcohols from alkenes and aldehydes that would
complement existing Prins and carbonyl-ene methodology (Scheme 1).2 Typically, the alkenes
employed in intermolecular carbonyl-ene reactions are 1 ,1-disubstituted and trisubstituted
olefins. Electron-deficient enophiles such as glyoxylates are generally more efficient than simple
aromatic or aliphatic aldehydes. Consequently, our group wished to develop reactions with
features not amenable to existing Prins or carbonyl-ene methodology: first, the ability to
transform less electron-rich alkenes; second, enhanced and complementary electrophile scope;
and third, the option to form a new C-C bond at the more substituted position of the olefin.
Scheme 1. Traditional methods for the synthesis of alcohols from simple alkenes and aldehydes.
R1 H 0 Lewis acid R O
2 HR 3  carbonyl-ene R2 R3reaction
R1 0 H+ R1 OH
R 1 H R2 Prins reaction R1 2
The catalytic intermolecular reaction of alkenes (ethylene and c-olefins) and aldehydes
can be carried out in the presence of nickel(O), ligand, and silyl triflate.3 Pivotal to this work was
1Alpha Olefins Applications Handbook; Lappin, G. R., Sauer, J. D., Eds.; M. Dekker: New York, 1989.
2 (a) Alder, K.; Pascher, F.; Schmitz, A. Ber. Dtsch. Chem. Get. 1943, 76, 27. (b) Snider, B. B. In Comprehensive
Organic Synthesis, Vol. 2; Trost, B. M.; Fleming, I.; Eds.; Pergamon: Oxford, 1991, 527.
3 (a) Ng, S.-S.; Jamison, T. F. J. Am. Chem. Soc. 2005,127, 14194. (b) Ho, C.-Y.; Ng, S.-S.; Jamison, T. F. J. Am.
Chem. Soc. 2006,128,5362. (c) Ng, S.-S.; Ho, C.-Y.; Jamison, T. F. J. Am. Chem. Soc. 2006,128, 11513.
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Ogoshi's observation that a Lewis acid facilitated the formation of an oxanickellacycle through
intramolecular cyclization of an c,o-enal.4 By the appropriate choice of ligand, either the
homoallylic alcohol product (H) or the 1 ,1-disubstituted allylic alcohol product (A) may be
favored over the other (Scheme 2). The ratio of coupling products appears to be determined by a
combined effect of the electron-donating ability and the cone angle of the phosphine ligands
(and, to a lesser extent, on the substrates employed). Excellent H:A selectivity (95:5) can be
achieved by using a less electron-rich phosphine with a smaller cone angle, such as (EtO)Ph2P-
Conversely, larger, more electron-rich phosphines such as dicyclohexylphenylphosphine favor
formation of the allylic alcohol product, but branched a-olefins are largely unreactive in this
system.
Scheme 2. Nickel-catalyzed coupling of a-olefins, aldehydes, and silyl triflates.
R1 0
R1 + + R3SiOTf
R2 R3  H
cat. Ni(cod) 2  cat. Ni(cod)2
OSiR3  EtOPPh 2 or PPh 3  Cy2PPh or IPr, P(OPh) 3  R1 OSiR3
R Et3N, toluene Et3N, tolueneR3  . 2 R3
R2
homoallylic alcohol allylic alcohol
derivative (H) derivative (A)
A more general strategy for the formation of allylic alcohol derivatives (high A:H ratio)
involves the use of an N-heterocyclic carbene (NHC) ligand' in conjunction with a phosphite
additive.6 While it is believed that the sterically demanding and highly electron-donating nature
of the NHC ligand IPr (Figure 1, 1.1) contributes to the high selectivity for the allylic product as
* Ogoshi, S.; Oka, M.-A.; Kurosawa, H. J. Am. Chem. Soc. 2004, 126, 11802.
5 For reviews of NHC ligands in transition metal catalysis, see: (a) Weskamp, T.; Bohm, V. P. W.; Hermann, W. A.
J. Organomet. Chem. 2000,600, 12. (b) Hermann, W. A.; Angew. Chem. Int. Ed. 2002,41, 1290. (c) Crudden, C.
M.; Allen, D. P.; Coord. Chem. Rev. 2004,248,2247. (d) Viciu, M. S.; Nolan, S. P. Top. Organomet. Chem. 2005,
8, 241. (e) Crabtree, R. H. J. Organomet. Chem. 2005, 690, 5451. (f) Diez-Gonzales, S.; Marion, N.; Nolan, S. P.
Chem. Rev. 2009, 109, 3612.
6 Ho, C.-Y.; Jamison, T. F. Angew. Chem. Int. Ed. 2007,46,782.
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well as accelerated oxidative coupling, the latter property also acts to retard reductive
elimination. For catalytic turnover in this system it is therefore essential to include a highly
electron-deficient phosphite additive to promote this step by reducing the electron density at a
coordinatively unsaturated nickel center.
Figure 1. Structures of selected N-heterocyclic carbene (NHC) ligands.
i-Pr i-Pr Me Me
N N Me N N Me t N t-Bu N N
i-Pr i-Pr Me Me
IPr (1.1) IMes (1.2) I-t-Bu (1.3) lAd (1.4)
Following our group's initial work with aldehydes, we became interested in expanding
the scope of electrophiles to which simple alkenes could be coupled using nickel(O) catalysis.
Methodology for the selective coupling of a-olefins and isocyanates to provide acrylamides has
potential applications in the field of polymer science. Poly(N-alkylacrylamide)s and poly(N-
alkylmethacrylamide)s have been extensively studied for their properties as temperature-
sensitive aqueous microgels.' The monomers are commonly prepared by reaction of
(meth)acryloyl chloride with the corresponding amine. By comparison, direct synthesis of these
unsaturated amides from alkenes and isocyanates would afford monomers with a greater variety
of substitution patterns of the polymer backbone and avoid the formation of byproducts such as
chloride salts.8
Baker and Holdsworth found that addition reactions of simple alkenes (e.g.,
trimethylethylene and propylene) to phenyl isocycanate in the presence of a Lewis acid (SnCl 4)
' (a) Liang, L.; Feng, X.; Liu, J.; Rieke, P. C.; Fryxell, G. E. Macromolecules 1998,31,7845. (b) Pelton, R. Adv.
Colloid Interface Sci. 2000, 85, 1. (c) Maeda, Y.; Nakamura, T.; Ikeda, I. Macromolecules 2001, 34, 1391.
8 Beak has also reported regioselective s'-lithiation and alkylation of a,p-unsaturated amides: Beak, P.; Kempf, D.
J.; Wilson, K. D. J. Am. Chem. Soc. 1985,107,4745.
did not provide acrylamides.' The proposed mechanism and the experimental evidence suggest
that the reaction may involve the formation of a Py-unsaturated amide intermediate, but this did
not undergo isomerization to yield acrylamides, and N,N',N"-triphenylbiuret and products of
olefin polymerization were obtained instead.
Hoberg first reported the stoichiometric 0 and catalytic" coupling reactions of phenyl
isocyanate and ethylene on nickel(O) with trialkylphosphine ligands to give N-phenylacrylamide.
Other a-olefins react with phenyl isocyanate in the presence of nickel(O) and phosphine
ligands; 2 the major product is the trans-disubstituted a,p-unsaturated amide. Formation of a 1,1-
disubstituted acrylamide is observed only in two cases as a minor product, in 3% and 13% yield.
Hoberg has proposed that the reaction proceeds via an azanickelacyclopentanone intermediate,
which then undergoes p-hydrogen elimination (Scheme 3a). For substrates with more than one
potential site of p-hydrogen elimination, the product distribution may be controlled by selection
of the appropriate ligand." In addition, isocyanates have been shown to react on nickel(O) with a
variety of unsaturated substrates,14 including electronically activated alkenes,15 1 ,3-dienes,16
allenes, 7 and aldehydes. 8
9 Baker, J. W.; Holdsworth, J. B. J. Chem. Soc. 1945, 724.
10 Hoberg, H.; Summermann, K.; Milchereit, A. Angew. Chem., Int. Ed. Engl. 1985, 24, 325.
" Hoberg, H.; Hernandez, E. J. Chem. Soc., Chem. Commun. 1986, 544.
12 (a) Hoberg, H.; Summermann, K.; Milchereit, A. J. Organomet. Chem. 1985, 288, 237. (b) Hoberg, H.;
Hernandez, E. J. Organomet. Chem. 1986, 311, 307. (c) Hernandez, E.; Hoberg, H. J. Organomet. Chem. 1987, 328,
403. (d) Hoberg,-H.; Summermann, K.; Hernandez, E.; Ruppin, C.; Guhl, D. J. Organomet. Chem. 1988,344, C35.
(e) Hoberg, H. J. Organomet. Chem. 1988, 358, 507. (f) Hoberg, H.; Guhl, D. J. Organomet. Chem. 1990, 384, C43.
" Hoberg, H.; Guhl, D. Angew. Chem., Int. Ed. Engl. 1989,28, 1035.
14 For a review, see: Braunstein, P.; Nobel, D. Chem. Rev. 1989, 89, 1927.
1s (a) Hernandez, E.; Hoberg, H. J. Organomet. Chem. 1986, 315, 245. (b) Hoberg, H.; Hernandez, E.; Guhl, D. J.
Organomet. Chem. 1988,339,213. (c) Hoberg, H.; Guhl, D. J. Organomet. Chem. 1989,375,245. (d) Hoberg, H.;
Nohlen, M. J. Organomet. Chem. 1990,382, C6. (e) Hoberg, H.; Guhl, D.; Betz, P. J. Organomet. Chem. 1990,387,
233. (f) Hoberg, H.; Nohlen, M. J. Organomet. Chem. 1991,412,225.
16 (a) Hoberg, H.; Hernandez, E. Angew. Chem., Int. Ed. Engl. 1985,24,961. (b) Hernandez, E.; Hoberg, H. J.
Organomet. Chem. 1987,327,429. (c) Hoberg, H.; Barhausen, D. J. Organomet. Chem. 1990,397, C20.
"7 Hoberg, H.; Hernandez, E.; Summermann, K. J. Organomet. Chem. 1985,295, C21.
18 Hoberg, H.; Summermann, K. J. Organomet. Chem. 1984, 264, 379.
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However, given the apparent strain involved for a p-hydrogen elimination step, it may
also be sensible to consider alternative mechanisms. A radical pathway, such as one arising from
Ni-C bond homolysis (Scheme 3b), or one not involving metallacycle formation (Scheme 3c),"9
might permit p-hydrogen elimination from an acyclic intermediate. The mechanism depicted in
Scheme 3c seems more consistent with the formation of 1,1-disubstituted acrylamides, based on
the stability of the proposed alkyl radical intermediates.
Scheme 3. Possible mechanisms for coupling of olefins and isocyanates with nickel(O).
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Insertion of an additional isocyanate unit (Scheme 3d) might also provide additional
flexibility for p-hydrogen elimination, although this would presumably require breaking of a C-
N bond in a subsequent de-insertion step to account for the observed amide products.
Alternatively, azanickelacyclopentanones can be formed by reaction of Ni(cod) 2 with
acrylamides in the presence of tricyclohexylphosphine, which is proposed to occur via an
intramolecular shift of hydrogen from NH to the a-carbon of an intermediate x-type complex.2'
The reverse conversion (Scheme 3e) is postulated in the thermolysis of the cyclic amide
complex, which liberates a,P-unsaturated amide.
Most recently, Louie has demonstrated that an NHC-nickel(O) system efficiently
catalyzes the cycloaddition of diynes or alkynes and isocyanates to form pyridones (Scheme 4).
Cycloadditions run with an excess of isocyanate lead to the formation of pyrimidine-diones.2 2
Free NHC ligands themselves are known to rapidly catalyze isocyanate trimerization to
urethanes, as well as undergo reversible carboxylation in the presence of carbon dioxide.
Scheme 4. Nickel-catalyzed cycloaddition of alkynes and isocyanates.
Ni(cod) 2 5 mol % R2 ONIPr 10 mol% R R1 R! RR tol, rt, 1 h +
R1  R2  R2 N 0 R2 N O
R R
pyridone pyrimidine-dione
We hypothesized that N-heterocyclic carbene ligands would also promote the nickel-
catalyzed reaction of alkenes and isocyanates, and based on our work with aldehydes, that we
might be able to attain selective reaction at the 2-position of the a-olefin. Potential side reactions
2 0 Yamamoto, T.; Igarashi, K.; Komiya, S.; Yamamoto, A. J. Am. Chem. Soc. 1980, 102, 7448.
2' Duong, H. A.; Cross, M. J.; Louie, J. J. Am. Chem. Soc. 2004, 126, 11438.
22 Duong, H. A.; Louie, J. Tetrahedron 2006, 62, 7552.
' Duong, H. A.; Tekavec, T. N.; Arif, A. M.; Louie, J. Chem. Commun. 2004, 112. (b) Duong, H. A.; Cross, M. J.;
Louie, J. Org. Lett. 2004, 6, 4679.
for this proposed transformation might include isocyanate oligomerization or incorporation of
more than one alkene or isocyanate unit into the final product.
Results and Discussion
We began our investigations by examining the reaction of 1-octene and cyclohexyl
isocyanate in the presence of nickel(O) and phosphine or NHC additives (Table 1). In the
presence of the NHC ligand IPr, excellent conversions were obtained upon heating (entry 2) or
extended reaction time (entry 1). This marked the first example of a nickel(O)-catalyzed coupling
reaction of an alkene and isocyanate in which carbon-carbon bond formation occurs selectively
at the 2-position of the c-olefin, yielding the N-alkyl acrylamide.
Table 1. Screening and optimization of nickel-catalyzed coupling of olefin and isocyanate.
O Ni(cod)211 ligand O OIItoluene IIhx
n-hexNY> + tu 1 NHCy n-hex NHCy
1.5a 1.5b
entrya ligand Ni(cod) 2 ligand time temp yieldb 1.5a yieldb 1.5b
mol % mol % (%) (%)
1 IPr 10 10 4 d rt 61 24
2c IPr 10 10 20 h 60 C 79 14
3c IPr 5 5 20 h 60 C 54 15
4c IPr, P(OPh) 3 10 10 each 20 h 60 *C 41 12
5 lAd 10 10 20 h 60 0C 0 0
6 l-t-Bu 10 10 20 h 60 *C 0 0
7 PPh 3  10 10 20 h 60 0C 0 0
8 PCy 2Ph 10 10 20 h 60 C 0 3
9 P(n-Bu) 3  10 10 20 h 60 C 0 12
a Reactions were run with 0.5 mmol 1-octene and 1.0 mmol cyclohexyl
isocyanate in 2 mL toluene under Ar(g) in a Schlenk tube. b Isolated yields.
c Reactions carried out with 0.5 mL toluene.
The observed selectivity may be attributed to a preference for the olefin substituent to be
oriented away from the bulky NHC ligand in the relevant nickellacycle (Figure 2). Notably, the
NHC ligand system affords products with the opposite sense of regioselectivity compared to
those obtained when phosphine ligands are used (Table 1, entries 8 and 9). In addition to the
monodentate ligands listed, a variety of bidentate ligands (dppe, dcpe, BINAP, bipy) all failed to
give any coupling product.
Figure 2. Model for observed regioselectivity in nickel(0)-NHC-catalyzed coupling of alkene and isocyanate.
NTN- NTN-'
Ni, 1 Ni,
'NR NR
NR2  R = i-Pr R R2
R1  0 0
favored disfavored
A catalyst loading of 10 mol % with respect to the alkene is optimal for yield, although a
slightly higher turnover number was noted with 5 mol % catalyst and ligand. Control
experiments run in the absence of either Ni(cod)2 or IPr indicate that both species are necessary
for catalysis. The presence of the phosphite additive (PhO)3P proved mildly deleterious for both
yield and selectivity.
The reaction proceeds smoothly in a variety of solvents (Table 2). In the absence of
solvent, the coupling of 1-octene and tert-butyl isocyanate occurs in good yield (entry 6);
however, with cyclohexyl isocyanate a diminished yield is observed (entry 7), perhaps due to
incomplete mixing associated with the precipitation of solid cyclohexyl amide products.
Table 2. Solvent screen for nickel-catalyzed coupling of a-olefin and isocyanate.
O Ni(cod)2  0 0
n-hex~ 1 +[IPr In-hex ..+ R Mr n-hex NHR + n-hex -- NHR
a b
entrya R solvent products yield ab (%) yield bb (%
1 t-Bu toluene 1.6a, 1.6b 71 17
2 t-Bu THF 1.6a, 1.6b 67 15
3 t-Bu EtOAc 1.6a, 1.6b 69 15
4 t-Bu benzene 1.6a, 1.6b 64 19
5 t-Bu ether 1.6a, 1.6b 69 18
6 t-Bu (neat) 1.6a, 1.6b 72 18
7 Cy (neat) 1.5a, 1.5b 37 8
a Reactions were run with 0.5 mmol 1-octene, 1.0 mmol isocyanate,
0.05 mmol Ni(cod) 2, and 0.05 mmol IPr under Ar(g) in a Schlenk tube
at 60 0C for 18-24 h. b Isolated yields.
Table 3 illustrates the scope and selectivity of the reaction. Reactions of aliphatic olefins
with branching at the allylic or homoallylic position typically proceed in high yields and with
excellent selectivity for carboxamidation at the 2-position of the olefin. The exception to this is
3,3-dimethyl-1-butene, which does not undergo the desired coupling reaction. With allylbenzene,
a third product is formed in which the double bond has moved into conjugation with the aromatic
ring (entries 7 and 8). The catalytic reaction appears to be selective for monosubstituted olefins
(entries 9 and 10). In other experiments, 1 ,1-disubstituted, cis-, and trans-olefins react poorly or
not at all (Figure 3a).24 Furthermore, esters and trialkylsilyl-protected alcohols are well tolerated
under the reaction conditions.
Hex-5-en-2-one reacts cleanly with tert-butyl isocyanate, but with cyclohexyl isocyanate
the yield is substantially diminished (Table 3, entries 13 and 14). Since the hexenone differs
from other linear aliphatic olefins we have examined only at a position remote to the alkene, we
4 When reacted with cyclohexyl isocyanate, 10 mol % Ni(cod) 2, and 10 mol % IPr in toluene in a Schlenk tube at 60
*C for 18-24 h, methylenecyclohexane and cyclohexene afforded coupling products in less than 10% yield. No
product was observed with trans-4-octene under identical conditions.
22
hypothesize that the enhanced selectivity may be due to coordination of the carbonyl group to
nickel at a selectivity-determining step in the catalytic cycle.
Table 3. Scope and selectivity in nickel-catalyzed coupling of a-olefins and isocyanates.
Ni(cod)2 10 mol %
IPr 10 mol %
toluene, 60 C, 18-24 h
0
R N'R 2 +
H
a
0
R1AN'R2 +H
entrya R1  R2  R3  product(s) yield a; b; c (%)b
1 n-hexyl Cy - 1.5a, 1.5b 79; 14; 0
2 n-hexyl
3c
4Q
5c
t-Bu
Cy
t-Bu
1.6a, 1.6b
1.7a
1.8a
1.9a, 1.9b
t-Bu - 1.10a, 1.10b
7c PhCH 2
8c PhCH 2
9
C
10
0
11 Ph 0O
O
12 Ph O
13 
_1
0
14
15 TBSO
16 TBSO"
Cy Ph
t-Bu Ph
Cy -
1.11a, 1.11b, 1.11c
1.12a, 1.12b,1.12c
1.13a
t-Bu - 1.14a
1.15a, 1.15b
t-Bu - 1.16a, 1.16b
Cy 1.17a
t-Bu - 1.18a, 1.18b
Cy
t-Bu
1.19a, 1.19b
1.20a, 1.20b
a Reactions were run with 0.5 mmol 1-octene, 1.0 mmol isocyanate, 0.05 mmol
Ni(cod)2, and 0.05 mmol IPr in 0.5 mL toluene under Ar(g) in a Schlenk tube at 60
0C for 18-24 h. b Isolated yields. c Reaction was run using 2 mL toluene. d Isolated
as a mixture of 1.12b and 1.12c, with relative ratios determined by 1H NMR.
25 For related phenomena in coupling reactions of 1,6-enynes, see: (a) Miller, K. M.; Jamison, T. F. J. Am. Chem.
Soc. 2004, 126, 15342. (b) Moslin, R. M.; Jamison, T. F. Org. Lett. 2006,8,455. (c) Moslin, R. M.; Miller, K. M.;
Jamison, T. F. Tetrahedron 2006, 62, 7598.
0
R1 + 2IN'.R2
0
R3 N'R 2
H
74; 17; 0
72; 0; 0
91; 0; 0
74; 5; 0
71; 10; 0
65; 8; 22
83; 1 d; 5 d
86; 0; 0
82; 0; 0
74; 13; 0
72; 12; 0
24; 0; 0
70; 2; 0
68; 17; 0
65; 9; 0
The scope of the reaction with respect to the isocyanate appears to be limited to bulky,
electron-rich alkyl isocyanates. In the reactions of ethyl and benzyl isocyanate with 1-octene,
small amounts of coupling product can be isolated, but the major products obtained are
isocyanate oligomers. Slow or portion-wise addition of isocyanate does little to circumvent this
side reaction, and no improvement in yield is observed when Ni(cod)2 and IPr are allowed to
equilibrate in solution for six hours prior to reaction, as done by Louie." Phenyl isocyanate,
trichloromethyl isocyanate, and a variety of other isocyanates and related compounds screened
(Figure 3b) all gave no desired product under the reaction conditions.
Figure 3. Substrate limitations of the nickel(0)-NHC-catalyzed alkyne-isocyanate coupling reaction.
0
(a) N (b) 0
N.R. N.R. N.R. O N'Ph N'CC13 N'OPh
00 0 S
<10% <10% <10% NSiMe 3  NCy
reaction at C1 Ph
N.R. = no reaction no desired coupling reaction(oligomerization, decomposition, or N.R.)
In recognition of the prevalence of primary amide motifs in the natural world, we
investigated the possibility of forming such amides from our initial products. Deprotection of N-
tert-butyl amides requires strongly acidic conditions, often coupled with heat; 2 nevertheless, the
reaction has been successfully utilized in the contexts of natural product synthesis 27 and drug
discovery. 28 Still, it was unclear whether 1 ,1-disubstituted acrylamides would emerge unscathed
form the forcing conditions necessary to effect deprotection. Gratifyingly, we were able to obtain
26 Lacey, R. N. J. Chem. Soc. 1960, 1633.
27 Conover, L. H.; Butler, K.; Johnston, J. D.; Korst, J. J.; Woodward, R. B. J. Am. Chem. Soc. 1962, 84, 3222.
28 Huang, W.; Zhang, P.; Zuckett, J. F.; Wang, L.; Woolfrey, J.; Song, Y.; Jia, Z. J.; Clizbe, L. A.; Sue, T.; Tran, K.;
Huang, B.; Wong, P.; Sinha, U.; Park, G.; Reed, A.; Malinowski, J.; Hollenbach, S. J.; Scarborough, R. M.; Zhu, B.-
Y. Bioorg. Med. Chem. Lett. 2003,13,561.
the primary amides from several of the coupling products after heating in neat trifluoroacetic
acid at reflux overnight (Table 4).
Table 4. Deprotection of a, -unsaturated amides.
0 0
R neat TFA RN reflux NH2H
entry substrate product yield (%)
0
1 1.6a NH2 1.21 69
0
2 1.16a O NH2 1.22 81
0
0
3 1.12a NH2  1.23 70
The alkene-isocyanate coupling is unique among the systems we have examined thus far
in that it does not require a third component to proceed. However, as in our work with aldehydes,
what are ostensibly the least activated alkenes react.
Conclusion
We have described a new preparation of acrylamides via the nickel(O)-IPr-catalyzed
reaction of simple a-olefins and isocyanates. The NHC ligand gives products with the opposite
sense of regioselectivity compared to those obtained using phosphine additives. Consequently, in
this reaction we can utilize a simple alkene as the functional equivalent of a 2-alkenylmetal
reagent. Acid treatment converts the N-tert-butyl products to free amides. In addition to more
conventional synthetic operations, compounds prepared by this method may find application as
novel monomers for polymer synthesis.
Experimental Section
General Information. Unless otherwise noted, all reactions were performed under an oxygen-
free atmosphere of argon with rigorous exclusion of moisture from reagents and glassware.
Dichloromethane and toluene were distilled from calcium hydride. Bis(1,5-
cyclooctadienyl)nickel(O) (Ni(cod) 2) and NN-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
(IPr) were purchased from Strem Chemicals, Inc., stored under nitrogen atmosphere and used
without further purification. All isocyanates were purchased from Aldrich Chemical Co. They
were filtered to remove solid material and degassed with argon before use. Oct-1-ene, imidazole,
and trifluoroacetic acid were purchased from Avocado Organics and used without further
purification. Allylbenzene, vinylcyclohexane, 4-methylpent-1-ene, hex-5-en-2-one, hex-5-en-1-
ol, and benzoyl chloride were purchased from Aldrich Chemical Co. and used without further
purification. (R)--citronellene and triethylamine were purchased from Fluka and used without
further purification. Tert-butyldimethylsilyl chloride was purchased from Alfa Aesar and used
without further purification.
Analytical thin layer chromatography was performed using EM Science silica gel 60
F254 plates. The developed chromatogram was analyzed by UV lamp (254 nm) and ethanolic
phosphomolybdic acid (PMA), potassium permanganate (KMnO 4), cerium ammonium nitrate
(CAM), iodine, or vanillin. Liquid chromatography was performed using a forced flow (flash
chromatography) of the indicated solvent system on Silicycle silica gel (230-400 mesh).
'H and 13C spectra were recorded in CDCl3 on a Varian Inova 500 MHz spectrometer.
Chemical shifts in 'H NMR spectra are reported in parts per million (ppm) on the 8 scale from an
internal standard of residual chloroform (7.27 ppm). Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app = apparent, and br
= broad), coupling constants in hertz (Hz), and integration. Chemical shifts in 13C NMR spectra
are reported in ppm from the central peak of CDC13 (77.23 ppm). Infrared (IR) spectra were
recorded on a Perkin-Elmer 2000 FT-IR. High resolution mass spectra (HRMS) were obtained
on a Bruker Daltonics APEXII 3 Fourier Transform Mass Spectrometer by Ms. Li Li of the
Massachusetts Institute of Technology Department of Chemistry Instrumentation Facility.
Specific rotations ([aO]D) were measured on a Perkin-Elmer 241 polarimeter at 589 nm where
applicable, and concentrations are reported in g/100 mL of the given solvent.
Preparation of Alkene Coupling Partners:
TBSO" '--
S1.1
Tert-butyl(hex-5-enyloxy)dimethylsilane (S1.1): In a 250 mL flask equipped with stir bar, hex-
5-en-1-ol (1.89 mL, 15.8 mmol, 1.05 equiv) was dissolved in 150 mL dichloromethane.
Imidazole (2.04 g, 30.0 mmol, 2.0 equiv) was added, followed by tert-butyldimethylsilyl
chloride (2.26 g, 15.0 mmol, 1.0 equiv). The cloudy white solution was stirred at room
temperature under argon for 72 h. The reaction was quenched with sat. aq. NH 4C and extracted
with CH2Cl2 . The combined organics were washed with brine, dried over MgSO 4, filtered, and
concentrated in vacuo. The resulting colorless liquid was purified via silica gel chromatography
(90:10 hexanes/EtOAc) to afford the title compound as a colorless liquid (2.84 g, 88%), with
spectroscopic data in agreement with literature values.2 9
BzO"*- -
S1.2
Hex-5-enyl benzoate (S1.2): In a 100 mL flask equipped with stir bar, triethylamine (5.0 mL,
36.0 mmol, 3.6 equiv) was added to a solution of hex-5-en-1-ol (1.2 mL, 10.0 mmol, 1 equiv) in
40 mL dichloromethane. Benzoyl chloride (1.4 mL, 12.0 mmol, 1.2 equiv) was added slowly via
syringe. The solution became cloudy and the reaction flask became warm to the touch. The
reaction was left to stir at room temperature under argon for 18 hours, after which it was
quenched with sat. aq. NH 4Cl and extracted with CH 2Cl 2. The combined organics were washed
with brine, dried with Na 2 SO 4 , and concentrated in vacuo. The residue was purified via silica gel
chromatography (80:20 hexanes/EtOAc) to afford the title compound as a colorless liquid (1.86
g, 91%). 'H NMR (500 MHz, CDC13, 8): 8.06 (m, 2H); 7.57 (m, 1H); 7.45 (m, 2H); 5.83 (dddd, J
= 6.7, 6.7, 10.2, 17.0 Hz, 1H); 5.05 (dm, Jd = 17.0 Hz, 1H); 4.99 (dm, Jd = 10.2 Hz, 1H); 4.34 (t,
J = 6.6 Hz, 2H); 2.14 (q, J = 7.3 Hz, 2H); 1.80 (m, 2H); 1.57 (m, 2H). 13C NMR (125 MHz,
CDC13, 8): 166.9, 138.6, 133.0, 130.7, 129.7, 128.5, 115.1, 65.1, 33.5, 28.4, 25.5. IR (NaCl, thin
film, cm-1): 3074, 2938,2861, 1721, 1452,1315,1274,1176, 1114,1070,1027,913,711.
29 Myers, A. G.; Lanman, B. A. J. Am. Chem. Soc. 2002, 124, 12969.
General Procedure for Alkene-Isocyanate Coupling Reactions:
A 5 mL Schlenk tube equipped with stir bar was brought into the glove box, along with a screw-
cap and a rubber septum. In the box, Ni(cod)2 (13.8 mg, 0.05 mmol, 0.1 equiv) and IPr (19.5 mg,
0.05 mmol, 0.1 equiv) were added. The tube was capped and fitted with the rubber septum over
the side neck. Outside the box, the reaction tube was connected to an argon line, and 0.25 mL
freshly distilled toluene was added via syringe, followed by alkene (0.5 mmol, 1 equiv), then
isocyanate (1.0 mmol, 2 equiv), then 0.25 mL more toluene to wash the reagents into the tube.
The reaction tube was sealed, the argon line removed, and the reaction set to stir at 60 'C for 18-
24 h. After this time, the reaction was opened to air and let stir for 15 min. It was diluted with
ether and filtered through a plug of silica. The crude product was concentrated in vacuo and
purified by silica gel chromatography (2:1 hexanes/EtOAc unless otherwise noted).
0
H
1.5a
N-cyclohexyl-2-methyleneoctanamide (1.5a): The reaction of Ni(cod) 2, IPr, 1-octene (78 tL,
0.5 mmol, 1 equiv), and cyclohexyl isocyanate (128 [tL, 1.0 mmol, 2 equiv) in toluene following
the general procedure above afforded 1.5a in 79% isolated yield as a white solid. 1H NMR (500
MHz, CDC13, 8): 5.63 (br d, J = 6.5 Hz, 1H); 5.52 (d, J = 0.5 Hz, 1H); 5.22 (q, J = 1.5 Hz, 1H);
3.82 (ddddd, J = 3.9, 3.9, 8.1, 10.7, 10.7 Hz, 1H); 2.29 (t, J = 7.6 Hz, 2H); 1.95 (m, 2H); 1.72
(m, 2H); 1.63 (m, 1H); 1.47-1.25 (m, 10H); 1.17 (m, 3H); 0.88 (t, J = 7.0 Hz, 3H). 13 C NMR
(125 MHz, CDC13, 6): 168.4, 146.5, 116.7, 48.3, 33.3, 32.6, 31.8, 29.1, 28.2, 25.7, 25.0, 22.8,
14.3. IR (NaCl, thin film, cm-1): 3300, 2937, 2854, 1647, 1609, 1531, 1451, 1345, 1250, 1216,
1152, 1106, 929, 892, 727, 699. HRMS-ESI (m / z): [M + H]* calculated for C15H27NO,
238.2165; found, 238.2165.
0 J
N
H
1.5b
(E)-N-cyclohexylnon-2-enamide (1.5b): The reaction of Ni(cod)2, IPr, 1-octene (78 tL, 0.5
mmol, 1 equiv), and cyclohexyl isocyanate (128 tL, 1.0 mmol, 2 equiv) in toluene following the
general procedure above afforded 1.5b in 14% isolated yield as a white solid. 'H NMR (500
MHz, CDCl3, 6): 6.82 (dt, Jd = 15.2 Hz, Jt = 7.0 Hz, 1H); 5.72 (dt, Jd = 15.2 Hz, J, = 1.5 Hz, 1H);
5.29 (br d, J = 7.5 Hz, 1H); 3.84 (ddddd, J = 3.9, 3.9, 8.1, 10.8, 10.8 Hz, 1H); 2.16 (m, 2H); 1.95
(m, 2H); 1.72 (m, 2H); 1.63 (m, 1H); 1.47-1.23 (m, 10H); 1.15 (m, 3H); 0.89 (t, J = 7.0 Hz, 3H).
3 C NMR (125 MHz, CDCl3 , 6): 165.3, 144.8, 124.0, 48.2, 33.5, 32.2, 31.9, 29.1, 28.5, 25.8,
25.1, 22.8, 14.3. IR (NaCl, thin film, cm-'): 3291, 3074, 2926, 2853, 1667, 1626, 1548, 1447,
1372, 1349, 1250, 1153, 985, 892, 726, 674. HRMS-ESI (m / z): [M + H]* calculated for
C15H27NO, 238.2165; found, 238.2166.
H
1.6a
N-tert-butyl-2-methyleneoctanamide (1.6a): The reaction of Ni(cod) 2, IPr, 1-octene (78 tL, 0.5
mmol, 1 equiv), and tert-butyl isocyanate (117 [tL, 1.0 mmol, 2 equiv) was carried out in toluene
following the general procedure above, with 80:20 hexanes/EtOAc used as the eluent for
chromatographic purification. Two successive subjections of the material to silica gel
chromatography were required for optimal purity, affording 1.6a in 71% isolated yield as a pale
yellow oil. 'H NMR (500 MHz, CDC13, 6): 5.61 (br, 1H); 5.45 (d, J = 0.7 Hz, 1H); 5.16 (app q,
1H); 2.26 (t, J = 7.6 Hz, 2H); 1.42 (m, 2H); 1.37 (s, 9H); 1.34-1.24 (m, 6H); 0.87 (t, J = 7.0 Hz,
3H). 13C NMR (125 MHz, CDC13, 6): 168.9, 147.5,116.1,51.4,32.7,31.9,29.2,29.0,28.3,22.8,
14.3. IR (NaCl, thin film, cm-1): 3323, 2960, 2928, 2859, 1655, 1623, 1531, 1452, 1392, 1364,
1240, 1225, 916. HRMS-ESI (m / z): [M + H]* calculated for C13H25NO, 212.2009; found,
212.2015.
NH
1.6b
(E)-N-tert-butylnon-2-enamide (1.6b): The reaction of Ni(cod) 2, IPr, 1-octene (78 pL, 0.5
mmol, 1 equiv), and tert-butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) was carried out in toluene
following the general procedure above, with 80:20 hexanes/EtOAc used as the eluent for
chromatographic purification. Two successive subjections of the material to silica gel
chromatography were required for optimal purity, affording 1.6b in 17% isolated yield as a white
solid. 1H NMR (500 MHz, CDCl3 , 6): 6.78 (dt, J = 15.2 Hz, Jt = 7.0 Hz, 1H); 5.69 (dt, J = 15.2
Hz, J, = 1.5 Hz, 1H); 5.29 (br, 1H); 2.15 (app qd, 2H); 1.42 (m, 2H); 1.38 (s, 9H); 1.34-1.22 (m,
6H); 0.88 (t, J = 7.0 Hz). 13C NMR (125 MHz, CDCl3, 6): 165.6, 144.3, 124.7, 51.4, 32.1, 31.9,
29.1, 28.5, 22.8, 14.3. IR (NaCl, thin film, cm'): 3274, 3075, 2959, 2928, 2857, 1666, 1629,
1553, 1453, 1364, 1227, 981. HRMS-ESI (m / z): [M + H]* calculated for C13H25NO, 212.2009;
found, 212.2006.
H
1.7a
N,2-dicyclohexylprop-2-enamide (1.7a): The reaction of Ni(cod)2, IPr, vinylcyclohexane (68
pL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 pL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.7a in 72% isolated yield as a white solid. 'H NMR (500
MHz, CDC13 , 6): 5.60 (br d, J = 6.5 Hz, 1H); 5.35 (s, 1H); 5.10 (d, J = 1.5 Hz, 1H); 3.82 (ddddd,
J= 3.9, 3.9, 8.1, 10.7, 10.7 Hz, 1H); 2.44 (t, J= 11.7 Hz, 1H); 1.95 (m, 2H); 1.84-1.67 (m, 7H);
1.62 (m, 1H); 1.37 (m, 4H); 1.14 (m, 6H). 13C NMR (125 MHz, CDC13, 6): 169.5, 152.8, 113.1,
48.3, 39.8, 33.4, 32.0, 26.6, 26.4, 25.8, 25.1. IR (NaCl, thin film, cm-1): 3292, 2920, 2852, 1649,
1610, 1534, 1447, 1244, 1200, 1152, 1093, 916, 892. HRMS-ESI (m / z): [M + H]* calculated for
C1 5H2 5NO, 236.2009; found, 236.2011.
1.8a
N-tert-butyl-2-cyclohexylprop-2-enamide (1.8a): The reaction of Ni(cod)2, IPr,
vinylcyclohexane (68 iL, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 tL, 1.0 mmol, 2
equiv) in toluene following the general procedure above, with 90:10 hexanes/EtOAc used as the
eluent for chromatographic purification, afforded 1.8a in 91% isolated yield as a white solid. 'H
NMR (500 MHz, CDC13 , 8): 5.59 (br, 1H); 5.29 (s, 1H); 5.05 (d, J = 1.3 Hz, 1H); 2.41 (t, J =
11.5 Hz, 1H); 1.77 (m, 4H); 1.68 (m, 1H); 1.37 (s, 9H); 1.31 (tt, J= 3.5, 13 Hz, 2H); 1.15 (tt, J=
3.5, 13 Hz, 1H); 1.08 (m, 2H). 13C NMR (125 MHz, CDCl3 , 6): 170.0, 153.5, 112.7, 51.4, 39.7,
32.0, 28.9, 26.6, 26.4. IR (NaCl, thin film, cm'): 3305, 2934, 2855, 1652, 1613, 1531, 1448,
1359, 1230, 914, 892. HRMS-ESI (m / z): [M + H]* calculated for C13H3NO, 210.1852; found,
210.1850.
0
H
1.9a
N-cyclohexyl-4-methyl-2-methylenepentanamide (1.9a): The reaction of Ni(cod)2, IPr, 4-
methylpent-1-ene (63 [tL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 ptL, 1.0 mmol, 2
equiv) in toluene following the general procedure above, with the exception that two 1 mL
portions of toluene were used for the reaction, afforded 1.9a in 74% isolated yield as a white
solid. 'H NMR (500 MHz, CDC13, 6): 5.63 (br, 1H); 5.53 (s, 1H); 5.18 (d, J = 1.1 Hz, 1H); 3.81
(ddddd, J= 3.9, 3.9, 8.1, 10.9, 10.9 Hz, 1H); 2.18 (dd, J = 0.8, 7.1 Hz, 2H); 1.94 (m, 2H); 1.76
(septet, J= 6.8 Hz, 1H); 1.70 (m, 2H); 1.62 (m, 1H); 1.38 (app qt, 2H); 1.16 (m, 3H); 0.89 (d, J =
6.6 Hz, 6H). 13C NMR (125 MHz, CDC13, 6): 168.5, 145.6, 117.9, 48.3, 42.2, 33.3, 27.3, 25.7,
25.0, 22.5. IR (NaCl, thin film, cm ): 3293, 3086, 2935, 2855, 1648, 1612, 1536, 1449, 1247,
1152, 918, 727, 688. HRMS-ESI (m / z): [M + H]* calculated for C13H23NO, 210.1852; found,
210.1851.
0
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1.9b
(E)-N-cyclohexyl-5-methylhex-2-enamide (1.9b): The reaction of Ni(cod)2, IPr, 4-methylpent-
1-ene (63 tL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 tL, 1.0 mmol, 2 equiv) in
toluene following the general procedure above, with the exception that two 1 mL portions of
toluene were used for the reaction, afforded 1.9b in 5% isolated yield as a white solid. 'H NMR
(500 MHz, CDCl3 , 6): 6.80 (dt, Jd = 15.2 Hz, J, = 7.5 Hz, 1H); 5.72 (dt, Jd = 15.2 Hz, J, = 1.4 Hz,
1H); 5.29 (br, 1H); 3.85 (ddddd, 4.0, 4.0, 8.1, 10.9, 10.9 Hz, 1H); 2.06 (td, J, = 7.1 Hz, J = 1.4
Hz, 1H); 1.96 (m, 2H); 1.74 (m, 4H); 1.63 (m, 2H); 1.39 (m, 2H); 1.16 (m, 4H); 0.93 (s, 3H);
0.93 (s, 3H). 13C NMR (125 MHz, CDCl3 , 8): 165.1, 143.6, 125.1, 48.3, 41.6, 33.5, 28.1, 25.8,
25.1, 22.6. IR (NaCl, thin film, cm-'): 3293, 2925, 2853, 1666, 1624, 1550, 1444, 1366, 1246,
1207, 985. HRMS-ESI (m / z): [M + H]* calculated for C 3H23NO, 210.1852; found, 210.1853.
H
1.10a
N-tert-butyl-4-methyl-2-methylenepentanamide (1.10a): The reaction of Ni(cod)2, IPr, 4-
methylpent-1-ene (63 1iL, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 iL, 1.0 mmol, 2
equiv) in toluene was carried out following the general procedure above, with 80:20
hexanes/EtOAc used as the eluent for chromatographic purification. Mixed fractions were
subjected to a second round of chromatographic purification using 90:10 hexanes/EtOAc as the
eluent, affording 1.10a in 71% isolated yield as a white solid. 1H NMR (500 MHz, CDCl 3, 6):
5.60 (br, 1H); 5.47 (d, J = 1.0 Hz, 1H); 5.15 (app q, J = 1.1 Hz, 1H); 2.17 (dd, J = 1.1, 7.1 Hz,
2H); 1.76 (septet, J = 6.7 Hz, 1H); 1.38 (s, 9H); 0.89 (d, J = 6.7 Hz, 6H). 13C NMR (125 MHz,
CDC13, 6): 169.0, 146.5, 117.3, 51.4, 42.2, 28.9, 27.3, 22.6. IR (NaCl, thin film, cm-1): 3299,
2959, 2921, 2870, 1650, 1618, 1537, 1450, 1364, 1253, 1229, 921, 676. HRMS-ESI (m / z): [M
+ H]* calculated for CIH 2 1NO, 184.1696; found, 184.1702.
o
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1.10b
(E)-N-tert-butyl-5-methylhex-2-enamide (1.10b): The reaction of Ni(cod)2, IPr, 4-methylpent-
1-ene (63 [L, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 1iL, 1.0 mmol, 2 equiv) in
toluene following the general procedure above, with 80:20 hexanes/EtOAc used as the eluent for
chromatographic purification, afforded 1.10b in 10% isolated yield as a white solid. 'H NMR
(500 MHz, CDCl3 , 5): 6.77 (dt, Jd = 15.1 Hz, J, = 7.5 Hz, 1H); 5.68 (dt, Jd = 15.1 Hz, J, = 1.4 Hz,
1H); 5.26 (br, 1H); 2.05 (dd, J = 1.4, 6.7 Hz, 1H); 2.04 (dd, J = 1.4, 6.7 Hz, 1H); 1.74 (septet, J =
6.7 Hz, 1H); 1.39 (s, 9H); 0.92 (d, J = 6.7 Hz, 6H). 13C NMR (125 MHz, CDC13, 8): 165.5,
143.0, 125.8, 51.4, 41.5, 29.1, 28.1, 22.6. IR (NaCl, thin film, cm-'): 3266, 3078, 2953, 2924,
1666, 1626, 1556, 1449, 1389, 1359, 1337, 1270, 1252, 1229, 986, 891, 669. HRMS-ESI (m / z):
[M + H]* calculated for CIIH 21NO, 184.1696; found, 184.1697.
I H
1.11a
2-benzyl-N-cyclohexylprop-2-enamide (1.11a): The reaction of Ni(cod) 2, IPr, allylbenzene (66
tL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 tL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.11a in 65% isolated yield as a white solid. 'H NMR (500
MHz, CDCl3, 6): 7.31 (m, 2H); 7.22 (m, 3H); 5.72 (s, 1H); 5.56 (br, 1H); 5.22 (d, J = 1.0 Hz,
1H); 3.77 (ddddd, J= 3.9, 3.9, 8.1, 10.5, 10.5 Hz, 1H); 3.66 (s, 2H); 1.82 (m, 2H); 1.59 (m, 3H);
1.33 (m, 2H); 1.13 (m, 1H); 1.04 (m, 2H). 13C NMR (125 MHz, CDCl3, 6): 167.4, 144.9, 138.6,
129.1, 128.8, 126.7, 119.5, 48.3, 39.0, 33.0, 25.7, 24.8. IR (NaCl, thin film, cm-'): 3303, 3062,
2926, 2851, 1648, 1611, 1537, 1449, 1343, 1241, 1150, 1088, 925, 891, 742, 700. HRMS-ESI
(m / z): [M + H]* calculated for Ci6H21NO, 244.1696; found, 244.1697.
H
1.11b
(E)-N-cyclohexyl-4-phenylbut-2-enamide (1.11b): The reaction of Ni(cod) 2, IPr, allylbenzene
(66 ptL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 [L, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.11b in 8% isolated yield as a white solid. 'H NMR (500
MHz, CDCl3 , 8): 7.32 (m, 2H); 7.24 (m, 1H); 7.19 (m, 2H); 6.99 (dt, Jd = 15.2 Hz, J, = 6.5 Hz,
1H); 5.66 (dt, Jd = 15.2 Hz, J, = 1.7 Hz, 1H); 5.26 (br d, J = 7.1 Hz, 1H); 3.83 (ddddd, J = 3.9,
3.9, 8.1, 10.8, 10.8 Hz, 1H); 3.50 (dd, J= 1.5, 6.5 Hz, 2H); 1.93 (m, 2H); 1.70 (m, 2H); 1.62 (m,
1H); 1.38 (m, 2H); 1.14 (m, 3H). 13C NMR (125 MHz, CDCl3, 6): 164.9, 142.9, 138.4, 129.1,
128.8, 126.7, 125.2, 48.3, 38.4, 33.4, 25.8, 25.1. IR (NaCl, thin film, cm-'): 3289, 2934, 2853,
1665, 1624, 1547, 1446, 1351, 980, 697. HRMS-ESI (m / z): [M + H]* calculated for C16H21NO,
244.1696; found, 244.1694.
0
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1.11c
(E)-N-cyclohexyl-4-phenylbut-3-enamide (1.11c): The reaction of Ni(cod) 2, IPr, allylbenzene
(66 [tL, 0.5 mmol, I equiv) and cyclohexyl isocyanate (128 LL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.11c in 22% isolated yield as a white solid. 1H NMR (500
MHz, CDCl3, 6): 7.40 (m, 2H); 7.34 (m, 2H); 7.27 (m, 1H); 6.54 (d, J = 15.8 Hz, 1H); 6.30 (dt,
Jd= 15.8 Hz, J, = 7.3 Hz, 1H); 5.47 (br, 1H); 3.79 (ddddd, J = 3.9, 3.9, 8.1, 10.9, 10.9 Hz, 1H);
3.14 (dd, J= 1.4, 7.3 Hz, 2H); 1.92 (m, 2H); 1.70 (m, 2H); 1.61 (m, 1H); 1.37 (m, 2H); 1.12 (m,
3H). 13C NMR (125 MHz, CDC13, ): 169.8, 136.9, 134.7, 128.8, 128.0, 126.5, 122.8, 48.5, 41.3,
33.4, 25.7, 25.1. IR (NaCl, thin film, cm-1): 3290, 3064, 2933, 2853, 1636, 1545, 1447, 1347,
1248, 1180, 962, 690. HRMS-ESI (m / z): [M + H]* calculated for Ci 6H21NO, 244.1696; found,
244.1696.
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1.12a
2-benzyl-N-tert-butylprop2-enamide (1.12a): The reaction of Ni(cod) 2, IPr, allylbenzene (66
ptL, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.12a in 83% isolated yield as a colorless oil. 'H NMR (500
MHz, CDCl 3, 8): 7.31 (m, 2H); 7.22 (m, 3H); 5.66 (d, J = 0.7 Hz, 1H); 5.52 (br, 1H); 5.17 (m,
1H); 3.64 (s, 1H); 1.29 (s, 9H). 13C NMR (125 MHz, CDC13, 8): 167.9, 145.8, 138.7, 129.1,
128.8, 118.9, 51.4, 39.1, 28.8. IR (NaCl, thin film, cm-'): 3325, 3063, 3029, 2969, 2925, 1655,
1622, 1530, 1453, 1392, 1365, 1299, 1224, 1075, 1031, 922, 743, 701. HRMS-ESI (m / z): [M +
H]* calculated for C 4H,9NO, 218.1539; found, 218.1539.
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1.12b
(E)-N-tert-butyl-4-phenylbut-2-enamide (1.12b): The reaction of Ni(cod) 2, IPr, allylbenzene
(66 ptL, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 iL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.12b and 1.12c as a mixture in 6% combined yield. The
yield of 1.12b was determined to be 1% by integration of the 1H NMR spectrum. 1H NMR (500
MHz, CDC13 , 6) identifying peaks: 6.96 (dt, Jd = 15.1 Hz, J, = 6.5 Hz, 1H); 5.61 (dt, Jd = 15.1
Hz, J, = 1.7 Hz, 1H); 3.49 (dd, J= 1.5 Hz, 6.5 Hz, 2H).
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1.12c
(E)-N-tert-butyl-4-phenylbut-3-enamide (1.12c): The reaction of Ni(cod) 2, IPr, allylbenzene
(66 L, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with the exception that two 1 mL portions of toluene
were used for the reaction, afforded 1.12b and 1.12c as a mixture in 6% combined yield. The
yield of 1.12c was determined to be 5% by integration of the 'H NMR spectrum. 'H NMR (500
MHz, CDCl 3, 6) identifying peaks: 6.51 (d, J = 15.8 Hz, 1H); 6.30 (dt, J = 15.8 Hz, J, = 7.3 Hz,
1H); 3.09 (dd, J= 1.4, 7.3 Hz, 2H).
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1.13a
(R)-N-cyclohexyl-3,7-dimethyl-2-methyleneoct-6-enamide (1.13a): The reaction of Ni(cod) 2,
IPr, (R)-(-)-1-citronellene (91 tL, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 [tL, 1.0
mmol, 2 equiv) in toluene following the general procedure above, with 75:25 hexanes/EtOAc
used as the eluent for chromatographic purification, afforded 1.13a in 86% isolated yield as a
colorless oil that slowly crashed out to a white solid. 'H NMR (500 MHz, CDCl3, 6): 5.62 (br d,
J = 6.3 Hz, 1H); 5.45 (s, 1H); 5.15 (s, 1H); 5.10 (tm, J, = 7.2 Hz, Jm = 1.4 Hz, 1H); 3.82 (ddddd,
J = 3.9, 3.9, 8.1, 10.8, 10.8 Hz, 1H); 2.64 (sextet, J = 6.8 Hz, 1H); 1.96 (m, 4H); 1.72 (m, 2H);
1.68 (d, J = 1.0 Hz, 3H); 1.63 (m, 1H); 1.59 (s, 3H); 1.55 (m, 1H); 1.38 (m, 2H); 2.33 (m, 1H);
1.16 (m, 3H); 1.08 (d, J = 6.9 Hz, 3H). 13 C NMR (125 MHz, CDC13, 6): 169.2, 152.3, 131.9,
124.5, 114.3, 48.3, 35.8, 35.1, 33.4, 26.0, 25.9, 25.8, 25.1, 19.4, 17.9. IR (NaCl, thin film, cm-1):
3289, 2931, 2854, 1647, 1609, 1534, 1449, 1377, 1242, 1151, 917, 892. HRMS-ESI (m / z): [M
+ H]* calculated for C17H 29NO, 264.2322; found, 264.2315. [a]D = -5.6 (c = 1.9, CHC 3, 22 'C).
H
1.14a
(R)-N-tert-butyl-3,7-dimethyl-2-methyleneoct-6-enamide (1.14a): The reaction of Ni(cod) 2,
IPr, (R)-(-)-1-citronellene (91 [L, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 [L, 1.0
mmol, 2 equiv) in toluene was carried out following the general procedure above, with 80:20
hexanes/EtOAc used as the eluent for chromatographic purification. Two successive subjections
of the material to silica gel chromatography were required for optimal purity, affording 1.14a in
82% isolated yield as a pale yellow oil. 'H NMR (500 MHz, CDC13, 6): 5.59 (br, 1H); 5.38 (s,
1H); 5.10 (s, 1H); 5.09 (tm, J, = 7.2 Hz, Jm = 1.4 Hz, 1H); 2.62 (sextet, J = 6.9 Hz, 1H); 1.97 (m,
2H); 1.67 (d, J = 1.1 Hz, 3H); 1.59 (s, 3H); 1.54 (m, 1H); 1.38 (s, 9H); 1.31 (m, 1H); 1.07 (d, J =
6.9 Hz, 3H). 3C NMR (125 MHz, CDCl 3 ,5): 169.8, 153.1, 131.8, 124.6,113.7,51.4,35.7,35.1,
28.9, 25.9, 19.4, 17.9. IR (NaCl, thin film, cm-1): 3325, 2966, 2927, 1653, 1620, 1528, 1452,
1392, 1365, 1296, 1223, 920. HRMS-ESI (m / z): [M + Na]* calculated for C 5H, 7NO, 260.1985;
found, 260.1985. [a]D = -4.7 (c = 1.0, CHCl3, 22 *C).
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1.15a
5-(cyclohexylcarbamoyl)hex-5-enyl benzoate (1.15a): The reaction of Ni(cod)2, IPr, hex-5-
enyl benzoate (102 mg, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 [LL, 1.0 mmol, 2
equiv) in toluene was carried out following the general procedure above, with 1:1
hexanes/EtOAc used as the eluent for chromatographic purification. Two successive subjections
of the material to silica gel chromatography were required for optimal purity, affording 1.15a in
74% isolated yield as a colorless oil that slowly crystallized to a white solid. 'H NMR (500 MHz,
CDCl3 , 8): 8.04 (m, 2H); 7.56 (tt, J= 1.3, 7.4 Hz, 1H); 7.44 (m, 2H); 5.66 (br d, J = 7.5 Hz, 1H);
5.54 (s, 1H); 5.26 (s, 1H); 4.34 (t, J= 6.5 Hz, 2H); 3.81 (ddddd, 3.9, 3.9, 8.1, 11.0, 11.0 Hz, 1H);
2.40 (t, J = 7.5 Hz, 2H); 1.93 (m, 2H); 1.81 (m, 2H); 1.70 (m, 2H); 1.63 (m, 3H); 1.38 (app qt,
2H); 1.16 (m, 3H). 3 C NMR (125 MHz, CDCl 3, 6): 168.1, 166.8, 146.0, 133.1, 130.5, 129.7,
128.5, 117.0, 64.9, 48.4, 33.3, 32.3, 28.5, 25.7, 25.0, 24.8. IR (NaCl, thin film, cm-'): 3309,
3063, 2932, 2855, 1720, 1653, 1611, 1530, 1451, 1315, 1275, 1117, 925, 712. HRMS-ESI (m /
z): [M + H]* calculated for C20H27NO3, 330.2064; found, 330.2065.
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(E)-7-(cyclohexylamino)-7-oxohept-5-enyl benzoate (1.15b): The reaction of Ni(cod) 2, IPr,
hex-5-enyl benzoate (102 mg, 0.5 mmol, 1 equiv) and cyclohexyl isocyanate (128 ptL, 1.0 mmol,
2 equiv) in toluene was carried out following the general procedure above, with 1:1
hexanes/EtOAc used as the eluent for chromatographic purification. Two successive subjections
of the material to silica gel chromatography were required for optimal purity, affording 1.15b in
13% isolated yield as a white solid. 'H NMR (500 MHz, CDCl3, 8): 8.05 (m, 2H); 7.57 (tt, J =
1.3, 7.4 Hz, 1H); 7.45 (m, 2H); 6.83 (dt, J = 15.2 Hz, Jt = 6.9 Hz, 1H); 5.76 (dt, J = 15.2 Hz, Jt
= 1.5 Hz, 1H); 5.27 (br d, J = 7.5 Hz, 1H); 4.34 (t, J = 6.5 Hz, 2H); 3.84 (ddddd, J = 4.0, 4.0, 8.1,
10.8, 10.8 Hz, 1H); 2.26 (qd, Jq= 7.4 Hz, Jd= 1.5 Hz, 2H); 1.95 (m, 2H); 1.81 (m, 2H); 1.72 (m,
2H); 1.63 (m, 3H); 1.39 (qt, Jq = 12.0 Hz, J, = 3.5 Hz, 2H); 1.15 (m, 3H). 13C NMR (125 MHz,
CDCl3, 6): 166.8, 165.0, 143.7, 133.1, 130.5, 129.8, 128.6, 124.6, 64.8, 48.3, 33.4, 31.7, 28.4,
25.8, 25.1, 25.0. IR (NaCl, thin film, cm-'): 3288, 3069, 2927, 2853, 1720, 1667, 1625, 1545,
1449, 1349, 1315, 1276, 1111, 1070, 982, 708. HRMS-ESI (m / z): [M + H]* calculated for
C20H27NO 3, 330.2064; found, 330.2061.
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5-(tert-butylcarbamoyl)hex-5-enyl benzoate (1.16a): The reaction of Ni(cod) 2, IPr, hex-5-enyl
benzoate (102 mg, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in
toluene was carried out following the general procedure above, with a gradient from 2:1
hexanes/EtOAc to 1:1 hexanes/EtOAc used as the eluent for chromatographic purification. Two
successive subjections of the material to silica gel chromatography were required for optimal
purity, affording 1.16a in 72% isolated yield as a colorless oil. 'H NMR (500 MHz, CDC13, 8):
8.04 (dd, J = 1.3, 8.4 Hz, 2H); 7.56 (tt, J= 1.3, 7.4 Hz, 1H); 7.44 (m, 2H); 5.63 (br, 1H); 5.47 (s,
1H); 5.22 (d, J = 0.7 Hz, 1H); 4.34 (t, J = 6.5 Hz, 2H); 2.37 (t, J = 7.6 Hz, 2H); 1.81 (m, 2H);
1.62 (m, 2H); 1.38 (s, 9H). 13C NMR (125 MHz, CDC13, 6): 168.7, 166.8, 147.0, 133.1, 130.6,
129.7, 128.5, 116.4, 65.0, 51.5, 32.4, 28.9, 28.6, 24.8. IR (NaCl, thin film, cm 1 ): 3328, 2964,
1719, 1659, 1623, 1525, 1452, 1275, 1117, 712. HRMS-ESI (m / z): [M + Na]* calculated for
C18H25NO 3, 326.1727; found, 326.1723.
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(E)-7-(tert-butylamino)-7-oxohept-5-enyl benzoate (1.16b): The reaction of Ni(cod)2, IPr, hex-
5-enyl benzoate (102 mg, 0.5 mmol, 1 equiv) and tert-butyl isocyanate (117 tL, 1.0 mmol, 2
equiv) in toluene was carried out following the general procedure above, with a gradient from
2:1 hexanes/EtOAc to 1:1 hexanes/EtOAc used as the eluent for chromatographic purification. A
second subjection of the material to silica gel chromatography using 2:1 benzene/EtOAc as the
eluent was needed for optimal purity, affording 1.16b in 12% isolated yield as a colorless oil. 'H
NMR (500 MHz, CDCl3, 6): 8.05 (m, 2H); 7.57 (m, 1H); 7.46 (m, 2H); 6.79 (dt, Jd = 15.2 Hz, J
= 7.0 Hz, 1H); 5.72 (dt, Jd = 15.2 Hz, Jt = 1.5 Hz, 1H); 5.25 (br, 1H); 4.33 (t, J = 6.5 Hz, 2H);
2.25 (qd, Jq = 7.3 Hz, Jd = 1.4 Hz, 2H); 1.81 (m, 2H); 1.62 (m, 2H); 1.39 (s, 9H). 13C NMR (125
MHz, CDCl3 , 8): 166.9, 165.4, 143.3, 133.1, 130.6, 129.8, 128.6, 125.4, 64.8, 51.5, 31.6, 29.1,
28.4, 25.0. IR (NaCl, thin film, cm'): 3296, 3070, 2964, 2929, 1719, 1669, 1631, 1545, 1452,
1274, 1115, 712. HRMS-ESI (m / z): [M + H]* calculated for CiH 25NO 3, 304.1907; found,
304.1911.
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1.17a
N-cyclohexyl-2-methylene-5-oxohexanamide (1.17a): The reaction of Ni(cod) 2, IPr, hex-5-en-
2-one (58 tL, 0.5 mmol, 1 equiv), and cyclohexyl isocyanate (128 [tL, 1.0 mmol, 2 equiv) in
toluene following the general procedure above, with 2:1 EtOAc/hexanes used as the eluent for
chromatographic purification, afforded 1.17a in 24% isolated yield as a white solid. 'H NMR
(500 MHz, CDC13, 6): 5.85 (br, 1H); 5.58 (s, 1H); 5.28 (s, 1H); 3.81 (ddddd, J = 3.9, 3.9, 8.0,
10.9, 10.9 Hz, 1H); 2.68 (t, J = 7.3 Hz, 2H); 2.58 (t, J = 7.2 Hz, 2H); 2.16 (s, 3H); 1.94 (m, 2H);
1.73 (m, 2H); 1.63 (m, 1H); 1.39 (qt, Jq = 12.0 Hz, J, = 3.5 Hz, 2H); 1.18 (m, 3H). 13C NMR (125
MHz, CDC13, 6): 208.4, 167.7, 144.8, 118.2, 48.5, 42.6, 33.3, 30.2, 26.7, 25.7, 25.1. IR (NaCl,
thin film, cm-1): 3296, 2933, 2856, 1711, 1648, 1611, 1529, 926. HRMS-ESI (m / z): [M + H]*
calculated for C 3H21NO2, 224.1645; found, 224.1639.
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N-tert-butyl-2-methylene-5-oxohexanamide (1.18a): The reaction of Ni(cod) 2, IPr, hex-5-en-2-
one (58 tL, 0.5 mmol, 1 equiv), and tert-butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with 2:1 EtOAc/hexanes used as the eluent for
chromatographic purification, afforded 1.18a in 70% isolated yield as a pale yellow oil. 'H NMR
(500 MHz, CDCl 3, 6): 5.81 (br, 1H); 5.50 (s, 1H); 5.22 (s, 1H); 2.65 (t, J = 7.3 Hz, 2H); 2.53 (t, J
= 7.5 Hz, 2H); 2.14 (s, 3H); 1.37 (s, 9H). 13C NMR (125 MHz, CDC13, 6): 208.3, 168.3, 145.7,
117.5, 51.5, 42.5, 30.1, 28.9, 26.8. IR (NaCl, thin film, cm-): 3337, 2969, 2929, 1715, 1662,
1625, 1527, 1453, 1364, 1225, 1162, 928, 733. HRMS-ESI (m / z): [M + Na]* calculated for
CHI, 9NO 2, 220.1308; found, 220.1308.
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1.18b
(E)-N-tert-butyl-6-oxohept-2-enamide (1.18b): The reaction of Ni(cod) 2, IPr, hex-5-en-2-one
(58 [tL, 0.5 mmol, 1 equiv), and tert-butyl isocyanate (117 VL, 1.0 mmol, 2 equiv) in toluene
following the general procedure above, with 2:1 EtOAc/hexanes used as the eluent for
chromatographic purification, afforded 1.18b in 2% isolated yield as a colorless oil. 'H NMR
(500 MHz, CDC13, 6): 6.72 (dt, Jd = 15.1 Hz, J, = 7.0 Hz, 1H); 5.72 (dt, Jd = 15.1 Hz, J, = 1.5 Hz,
1H); 5.26 (br, 1H); 2.58 (t, J = 7.3 Hz, 2H); 2.44 (qd, Jq = 7.4 Hz, Jd = 1.5 Hz, 2H); 2.16 (s, 3H);
1.38 (s, 9H). 13C NMR (125 MHz, CDC13, 6): 207.5, 165.2, 141.8, 125.9, 51.5, 42.1, 30.2, 29.0,
25.9. IR (NaCl, thin film, cm-'): 3297, 2966, 2922, 1717, 1670, 1631, 1542, 1455, 1363, 1225,
1161,979. HRMS-ESI (m / z): [M + Na]* calculated for C,,HlN0 2, 220.1308; found, 220.1306.
0
TBSO N
H
1.19a
6-(tert-butyldimethylsilyloxy)-N-cyclohexyl-2-methylenehexanamide (1.19a): The reaction of
Ni(cod)2 , IPr, tert-butyl(hex-5-enyloxy)dimethylsilane (107 mg, 0.5 mmol, 1 equiv), and
cyclohexyl isocyanate (128 tL, 1.0 mmol, 2 equiv) in toluene following the general procedure
above afforded 1.19a in 68% isolated yield as a pale yellow oil. 'H NMR (500 MHz, CDC13, 6):
5.64 (br d, J = 7 Hz, 1H); 5.54 (s, 1H); 5.23 (d, J = 1.0 Hz, 1H); 3.82 (ddddd, J = 3.9, 3.9, 8.1,
10.9, 10.9 Hz, 1H); 3.62 (t, J = 6.1 Hz, 2H); 2.32 (t, J = 7.1 Hz, 2H); 1.95 (m, 2H); 1.72 (m, 2H);
1.63 (m, 1H); 1.53 (m, 4H); 1.39 (qt, Jq = 12.0 Hz, Jt = 3.5 Hz, 2H); 1.17 (m, 3H), 0.89 (s, 9H);
0.05 (s, 6H). 13C NMR (125 MHz, CDC13, 8): 168.3, 146.2, 116.9, 63.2, 48.3, 33.3, 32.5, 32.3,
26.2, 25.7, 25.0, 24.6, 18.5, -5.1. IR (NaCl, thin film, cm-1): 3306, 2932, 2857, 1651, 1612,
1531, 1256, 1105, 836, 776, 734. HRMS-ESI (m / z): [M + H]* calculated for C1,H37NO2Si,
340.2666; found, 340.2674.
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1.19b
(E)-7-(tert-butyldimethylsilyloxy)-N-cyclohexylhept-2-enamide (1.19b): The reaction of
Ni(cod)2, IPr, tert-butyl(hex-5-enyloxy)dimethylsilane (107 mg, 0.5 mmol, 1 equiv), and
cyclohexyl isocyanate (128 [L, 1.0 mmol, 2 equiv) in toluene following the general procedure
above afforded 1.19b in 17% isolated yield as a white solid. 'H NMR (500 MHz, CDC13, 5): 6.81
(dt, Jd = 15.2 Hz, J, = 6.9 Hz, 1H); 5.73 (dt, Jd = 15.2 Hz, Jt = 1.5 Hz, 1H); 5.35 (br d, J = 7.8 Hz,
1H); 3.83 (ddddd, J= 3.9, 3.9, 8.1, 10.9, 10.9 Hz, 1H); 3.61 (t, J= 6.1 Hz, 2H); 2.19 (qd,Jq = 7.0
Hz, Jd = 1.3 Hz, 2H); 1.95 (m, 2H); 1.71 (m, 2H); 1.63 (m, 1H); 1.52 (m, 4H); 1.38 (qt, Jq = 12.0
Hz, J, = 3.5 Hz, 2H); 1.15 (m, 3H); 0.89 (s, 9H); 0.05 (s, 6H). 13 C NMR (125 MHz, CDCl3, 6):
165.2, 144.4,124.2, 63.0,48.2, 33.4,32.5, 32.0,26.2,25.8,25.1,24.8, 18.6,-5.1. IR (NaCl, thin
film, cm-1 ): 3288, 3246, 3068, 2929, 2855, 1667, 1625, 1550, 1255, 1102, 835, 774. HRMS-ESI
(m / z): [M + H]* calculated for C1,9H37NO 2Si, 340.2666; found, 340.2677.
TBSO NJ <
H
1.20a
N-tert-butyl-6-(tert-butyldimethylsilyloxy)-2-methylenehexanamide (1.20a): The reaction of
Ni(cod) 2, IPr, tert-butyl(hex-5-enyloxy)dimethylsilane (107 mg, 0.5 mmol, 1 equiv) and tert-
butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in toluene was carried out following the general
procedure above, with 80:20 hexanes/EtOAc used as the eluent for chromatographic purification.
Two successive subjections of the material to silica gel chromatography were required for
optimal purity, affording 1.20a in 65% isolated yield as a colorless oil. 'H NMR (500 MHz,
CDC13, 8): 5.61 (br, 1H); 5.46 (s, 1H); 5.18 (d, J = 0.9 Hz, 1H); 3.61 (t, J = 6.2 Hz, 2H); 2.29 (t,
J = 7.2 Hz, 2H); 1.51 (m, 4H); 1.38 (s, 9H); 0.88 (s, 9H); 0.04 (s, 6H). 13C NMR (125 MHz,
CDC13, 6): 168.8, 147.2, 116.3, 63.2, 51.4, 32.6, 32.4, 28.9, 26.1, 24.6, 18.6, -5.1. IR (NaCl, thin
film, cm-1): 3324, 2957, 2930, 2859, 1656, 1624, 1530, 1255, 1105, 836, 775. HRMS-ESI (m/
z): [M + H]* calculated for C17H35NO2Si, 314.2510; found, 314.2519.
TBSO N,
H
1.20b
(E)-N-tert-butyl-7-(tert-butyldimethylsilyloxy)hept-2-enamide (1.20b): The reaction of
Ni(cod)2, IPr, tert-butyl(hex-5-enyloxy)dimethylsilane (107 mg, 0.5 mmol, 1 equiv) and tert-
butyl isocyanate (117 tL, 1.0 mmol, 2 equiv) in toluene was carried out following the general
procedure above, with 80:20 hexanes/EtOAc used as the eluent for chromatographic purification.
Two successive subjections of the material to silica gel chromatography were needed for optimal
purity, affording 1.20b in 9% isolated yield as a white solid. 'H NMR (500 MHz, CDC 3, 6): 6.77
(dt, Jd = 15.2 Hz, J, = 7.0 Hz, 1H); 5.69 (dt, Jd = 15.2 Hz, J, = 1.5 Hz, 1H); 5.27 (br, 1H); 3.60 (t,
J= 6.1 Hz, 2H); 2.17 (qd, Jq = 7.4 Hz, Jd= 1.5 Hz, 2H); 1.51 (m, 4H); 1.38 (s, 9H); 0.89 (s, 9H);
0.04 (s, 6H). 13C NMR (125 MHz, CDC 3, 6): 165.6, 143.9, 124.9, 63.1, 51.4, 32.5, 31.9, 29.1,
26.2, 24.8, 18.6, -5.1. IR (NaCl, thin film, cm 1): 3263, 3070, 2927, 2856, 1665, 1628, 1555,
1361, 1250, 1099, 833,773. HRMS-ESI (m / z): [M + H]* calculated for C17H3 5NO 2Si, 314.2510;
found, 314.2518.
0NH2
1.21
2-methyleneoctanamide (1.21): Compound 1.6a (42.5 mg, 0.20 mmol) was dissolved in
approximately 2 mL neat trifluoroacetic acid and was transferred to a 5 mL Schlenk tube
equipped with stir bar. The reaction was sealed and heated at reflux for 18 hours. The reaction
was allowed to cool to room temperature, and the trifluoroacetic acid was carefully removed
under reduced pressure. The yellow residue was purified via silica gel chromatography (1:1
hexanes/EtOAc) to afford 1.21 in 69% yield as a white solid. 'H NMR (500 MHz, CDCl3, 8):
5.82 (br, 2H); 5.69 (s, 1H); 5.35 (s, 1H); 2.30 (t, J = 7.7 Hz, 2H); 1.47 (m, 2H); 1.36-1.25 (m,
6H); 0.88 (t, J = 7.0 Hz, 3H). '3C NMR (125 MHz, CDC13, 6): 171.1, 144.8, 118.9, 32.4, 31.8,
29.1, 28.2, 22.8, 14.3. IR (NaCl, thin film, cm~1): 3358, 3184, 2956, 2928, 2857, 1665, 1628,
1602, 1468, 1435, 1265, 1115, 926, 740. HRMS-ESI (m / z): [M + H]* calculated for C9H, 7NO,
156.1383; found, 156.1386.
0
BzO NH2
1.22
5-carbamoylhex-5-enyl benzoate (1.22): Compound 1.16a (25.9 mg, 0.085 mmol) was
dissolved in approximately 2 mL neat trifluoroacetic acid and was transferred to a 5 mL Schlenk
tube equipped with stir bar. The reaction was sealed and heated at reflux for 24 hours. The
reaction tube was allowed to cool to room temperature, and its contents were dropped slowly into
40 mL saturated aq. NaHCO 3. The product was extracted into 6 x 30 mL Et2O. The combined
organics were dried with Na2SO4, filtered, and concentrated in vacuo. Silica gel chromatography
(2:1 EtOAc/hexanes to EtOAc) afforded 1.22 in 81% yield as a white solid. 'H NMR (500 MHz,
CDC13, 6): 8.05 (m, 2H); 7.57 (tt, J = 1.3, 7.5 Hz, 1H); 7.45 (m, 2H); 5.79 (br, 1H); 5.71 (s, 1H);
5.52 (br, 1H); 5.40 (t, J = 1.4 Hz, 1H); 4.35 (t, J = 6.5 Hz, 2H); 2.42 (t, J = 7.3 Hz, 2H); 1.83 (m,
2H); 1.66 (m, 2H). 13C NMR (125 MHz, CDC13, 6): 170.6, 166.9, 144.2, 133.1, 130.5, 129.7,
128.6, 119.3, 64.9, 32.1, 28.5, 24.8. IR (NaCl, thin film, cm-1): 3367, 3182, 2944, 2920, 2869,
1716, 1663, 1603, 1471, 1450, 1436, 1410, 1318, 1279, 1120, 1072, 931, 824, 710. HRMS-ESI
(m / z): [M + H]* calculated for C 4H17NO 3, 248.1281; found, 248.1278.
0NH 2
1.23
2-benzylprop-2-enamide (1.23): Compound 1.12a (25.3 mg, 0.116 mmol) was dissolved in
approximately 2 mL neat trifluoroacetic acid and was transferred to a 5 mL Schlenk tube
equipped with stir bar. The reaction was sealed and heated at reflux for 16 hours. The reaction
tube was allowed to cool to room temperature, and its contents were dropped slowly into 40 mL
saturated aq. NaHCO 3. The product was extracted into 6 x 25 mL Et2O. The combined organics
were dried with Na2SO 4, filtered, and concentrated in vacuo. Silica gel chromatography (EtOAc)
afforded 1.23 in 70% yield as a white solid, with spectroscopic data in agreement with literature
values. 30 'H NMR (500 MHz, CDC13, 6): 7.35-7.21 (m, 5H); 5.87 (d, J = 0.7 Hz, 1H); 5.64 (br,
2H); 5.34 (d, J = 0.6 Hz, 1H); 3.67 (s, 2H). 3 C NMR (125 MHz, CDC 3 , 6): 170.1, 143.4, 138.4,
129.1, 128.9, 126.9, 121.6,38.7. IR (NaCl, thin film, cm ): 3362, 3192, 3029, 1666, 1592, 1455,
1409, 1345, 1183, 1107, 950,742, 699. HRMS-ESI (m / z): [M + H]* calculated for CIOH,,NO,
162.0913; found, 162.0920.
30 Muller, J.-C.; Fleury, J.-P. Bull. Chim. Soc. Fr. 1970,2,738.
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Chapter 2
Synthetic Studies Toward Ripostatin A
108
Introduction
A. Biological Activity and Structure
The ripostatins (A, B, and C) are a family of antibiotic natural products, isolated in 1995
by Gerhard H6fle and colleagues from cultures of the myxobacterium Sorangium cellulosum
(Figure 1)." The producing organism was in turn obtained from a soil sample in Kenya.
Ripostatins A and B are active against Gram-positive bacteria due to their inhibition of
eubacterial ribonucleic acid polymerase (RNAP). Specifically, these compounds inhibit chain
initiation of RNA synthesis in Staphylococcus aureus, a particularly infectious bacterial strain
with reported drug resistance to the antibiotics vancomycin and methicillin.32
Figure 1. Structures of the ripostatins.
Me Me
HO O O H(O' O
O CO2H OCO2H
O 0 OH
Me Me
ripostatin A (2.1) ripostatin B (2.2)
Me
HO / CO2H
C O
Me
ripostatin C (2.3)
The inhibition of RNAP is an attractive biological target for antibiotics, as currently, the
only clinically approved bacterial RNAP inhibitors are the rifamycins, of which several are
" (a) Irschik, H.; Augustiniak, H.; Gerth, K.; H6fle, G.; Reichenbach, H. J. Antibiot. 1995,48, 787. (b) Augustiniak,
H.; Irschik, H.; Reichenbach, H.; Hofle, G. Liebigs Ann. 1996, 1657.
3 Chang, S.; Sievert, D. M.; Hageman, J. C.; Boulton, M. L.; Tenover, F. C.; Downes, F. P.; Shah, S.; Rudrick, J. T.;
Pupp, G. R.; Brown, W. J.; Cardo, D.; Fridkin, S. K. New Engl. J. Med. 2003,348, 1342.
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shown in Figure 2 (2.4 and 2.5).3 Importantly, ripostatin A retains activity against rifampicin
(rifampin)-resistant mutants of S. aureus.3 4 The lack of cross-resistance indicates that ripostatin
A binds to a different site on RNAP than rifampicin. Indeed, along with the natural c-pyrone
antibiotics myxopyronin A (2.6) and corallopyronin A (2.7), ripostatin A binds to the so-called
"switch region" of RNAP and prevents interaction of RNAP with promoter DNA." These
compounds interact with residues that are remote from the binding site for rifamycins, and
despite ripostatin A's dissimilar structure, all three share the same target and mechanism.
Figure 2. Structures of antibiotics that act by blocking bacterial RNAP.
HO HO%
AcO OH 0 AcO OH 0
OH OH OH OH
MeO ,., NH MeO. ,,NH
/ o /N '
O OH 0 OH N'o 0' Me
rifamycin (2.4) rifampicin (2.5)
natural semi-synthetic
O OH 0 OH
N N~H N NH
O O N OMe OH N N OMe
0 O
myxopyronin A (2.6) corallopyronin A (2.7)
Structurally, ripostatin A exists as an equilibrium mixture of ketone and hemiketal forms,
the ratio of which is reported to be 55:45 in methanolic solution.3 1b In the hemiketal form, the
bicyclic framework of ripostatin A features an unusual in/out connectivity (Figure 3). Ripostatin
A contains within its 14-membered macrocyclic core three double bonds, arranged in a rare
1,4,7-skipped triene. The alkene geometry was determined to be (2E, 5E, 8E) by measurement of
13 Haebich, D.; von Nussbaum, F. Angew. Chem. Int. Ed. 2009, 48, 3397.
34 O'Neill, A.; Oliva, B.; Storey, C.; Hoyle, A.; Fishwick, C.; Chopra, I. Antimicrob. Agents Chemother. 2000, 44,
1363.
3s Mukhopadhyay, J.; Das, K.; Ismail, S.; Koppstein, D.; Jang, M.; Hudson, B.; Sarafianos, S.; Tuske, S.; Patel, J.;
Jansen, R.; Irschik, H.; Arnold, E.; Ebright, R. H. Cell 2008, 135,295.
110
NOE enhancements.3 6 Appended on the other side of the C15 ketone is a phenyl-terminated
chain containing an additional trisubstituted olefin. Feeding experiments show that ripostatin A
is generated biosynthetically from one molecule of phenylalanine, one propionate unit, and 10
acetate units. Ripostatin B and its C15 epimer can be obtained from ripostatin A by reduction
with sodium borohydride, while ripostatin C can be formed from ripostatin A via a mild base-
mediated elimination. Consequently, we focused on ripostatin A as our primary target for
synthesis.
Figure 3. Ketone and hemiketal forms of ripostatin A.
Me CO2H
10HO''0 Os
O 1 / CO2H OH H Me
200 213 10
20Me 20Me 13H
ripostatin A (2.1, ketone form) ripostatin A (hemiketal form)
To date, the only published synthetic study on the ripostatins is Kirschning's synthesis of
the C1-C5 and C6-C24 fragments (Figure 4)." The synthetic plan targeted coupling of 2.8 and
2.9 by esterification, to be followed by ring-closing metathesis to generate the macrocycle. The
C1I stereochemistry was set in an asymmetric vinylogous Mukaiyama reaction 38 between 2.10
and 2.11, and the C13 and C15 stereocenters were installed using Nagao acetate aldol
methodology. 3 9 However, the fragments could not be connected via esterification due to steric
hindrance from bulky protecting groups, as well as susceptibility to double bond isomerization
and migration under basic conditions. Stability to metathesis conditions was not disclosed.
36 The text in ref. 31b refers to the alkene geometry as (2Z, 5E, 8E); this is assumed to be a typographical error.
37 Kujat, C.; Bock, M.; Kirschning, A. Synlett 2006,419.
38 Denmark, S. E.; Beutner, G. L. J. Am. Chem. Soc. 2003,125,7800.
39 Nagao, Y.; Hagiwara, Y.; Kumagai, T.; Ochiai, M. J. Org. Chem. 1986, 51, 2391.
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Figure 4. Kirschning's proposed retrosynthesis and synthesized fragments.
vinylogous Mukaiyama
aldol reaction Me RMMe
10 10 N /
HO O TBDPSO O 5
O 1 / CO2H -- >OH
15 15 HO OBn
20 M esterification 20 2.9
Negishi rpostatin B (2.2) 2.8
coupling
CjTBSO PivO OTBS
H + -, OEtMe
2.10 2.11
B. Proposed Synthetic Strategy
The synthesis of configurationally defined skipped polyenes (1,4-dienes and higher
homologues) remains a significant challenge in organic chemistry. The doubly allylic protons
found in these structures may be sensitive to strong base4" as well as hydrogen abstraction.4 1
Classical methods for the preparation of 1,4-dienes include partial reduction of alkynes and
carbonyl olefination.42 For the synthesis of skipped dienes of various substitution patterns, a
variety of transition metal-mediated processes have been used.4 3
Two of the olefins contained within the ripostatin A macrocycle are trisubstituted. We
recognized that the C1I stereocenter and the C8-C9 trisubstituted olefin of ripostatin A mapped
4 The pKa of 1,4-pentadiene in DMSO is approximately 35: Bordwell, F. G.; Drucker, G. E.; Fried, H. E. J. Org.
Chem. 1981,46,632.
41 The bond dissociation energy of the doubly allylic C-H bonds in 1,4-pentadiene has been measured at 68.5
kcal/mol: McMahon, T. B.; Kebarle, P. J. Am. Chem. Soc. 1974, 96, 5940.
42 For a review of strategies for the synthesis of (ZZ)-1,4-dienes, such as those present in polyunsaturated fatty
acids, see: (a) Durand, S.; Parrain, J.-L.; Santelli, M. J. Chem. Soc., Perkin Trans. 1 2000, 253. For the preparation
of trans-disubstituted polyenes, see: (b) Vilotijevic, I.; Jamison, T. F. Science 2007, 317, 1189. For carbonyl
olefination, see: (c) Aissa, C. Eur. J. Org. Chem. 2009, 1831.
43 (a) Trost, B. M.; Probst, G. D.; Schoop, A. J. Am. Chem. Soc. 1998, 120, 9228. (b) Moreau, B.; Wu, J. Y.; Ritter,
T. Org. Lett. 2009, 11, 337. (c) Morten, C. J.; Jamison, T. F. Tetrahedron 2009,65,6648. (d) Matsubara, R.;
Jamison, T. F. J. Am. Chem. Soc. 2010, 132, 6880.
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onto a nickel-catalyzed coupling reaction of alkynes and epoxides developed in our laboratory
(Scheme 1).4 In the intermolecular reaction, stereospecific cis addition across the alkyne is
observed, and the stereochemistry at the epoxide is preserved in the transformation. Aliphatic
epoxides are opened selectively (> 95:5) at the terminal position. Although very high
regioselectivity with respect to the alkyne is observed when R' = Ph and R2 = Me, attempts to
differentiate between aliphatic alkyne substituents lead to mixtures of regioisomers. Notably,
when a 1,3-enyne is used as the substrate, with simple epoxides, > 95:5 regioselectivity is
observed for C-C bond formation distal to the pendant alkene. 45
Scheme 1. Nickel-catalyzed reductive coupling of alkynes and epoxides.
Ni(cod)2 10 mol %
BuP or PhMe2Ph 20 mol %
RR3 Et 3B 2-6 equiv 
R3
0 R2 OH
Ni(cod)2 10 mol %
BuP or PhMe 2Ph 20 mol %
S + R3 Et 3B 2-6 equiv R3
2R 2 OH
> 95:5 regioselectivity
Eolefin isomer only
In conjunction with the nickel-catalyzed fragment coupling, we wished to investigate
whether it would be possible to delay introduction of the potentially sensitive 1,4,7-triene by
masking it as a cyclopropyldiene, then unveiling the skipped triene portion via a 1,5-hydrogen
rearrangement (Figure 5). This strategy would allow us to take advantage of the high
regioselectivity in enyne-epoxide reductive coupling reactions. Furthermore, the proposed
rearrangement would serve to differentiate the ester groups, as hydrogen would migrate from
adjacent to the ester cis to the dienyl chain only.
4 Molinaro, C.; Jamison, T. F. J. Am. Chem. Soc. 2003,125,8076.
45 Miller, K. M.; Luanphaisarnnont, T.; Molinaro, C.; Jamison, T. F. J. Am. Chem. Soc. 2004, 126,4130.
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Figure 5. Proposed retrosynthesis of ripostatin A featuring enyne-epoxide reductive coupling and rearrangement.
enyne-epoxide
Me reductive coupling Me
-"CO2Et
HO* O PO**0 CO2Et
O0 CO2H OH
Me Me
ripostatin A (2.1)
0 O TBS ,,..OTBS
0 + Me OB
Me O 
M
2.12 2.13 OTBS
While appearing to offer a reasonably direct route to the skipped triene portion of the
molecule, this route was not without significant uncertainty. First, substrates containing a vinyl
cyclopropane unit had not been previously tested in the nickel-catalyzed reductive coupling.
Nickel(O) is known to catalyze the rearrangement of vinylcyclopropanes to cyclopentenes;
however, activating substituents are commonly required.' Secondly, application of the 1,5-
hydrogen rearrangement to ripostatin A would require that the reaction proceed to give the triene
with E,E,E configuration selectively out of four possible configurational outcomes (Scheme 2).
* (a) Murakami, M.; Nishida, S. Chem. Lett. 1979, 8, 927. (b) Ryu, I.; Ikura, K.; Tamura, Y.; Maenaka, J.; Ogawa,
A.; Noboru, S. Synlett 1994,941. (c) Zuo, G.; Louie, J. Angew. Chem. Int. Ed. 2004,43, 2277.
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Scheme 2. Potential transition states and stereochemical outcomes for a concerted 1,5-hydrogen rearragement.
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The rearrangement of vinylcyclopropanes has been used to prepare 1,4-skipped dienes of
varying geometry (Scheme 3). It has long been known that cis-disubstituted vinylcyclopropanes
can undergo 1,5-hydrogen migration under thermal conditions to deliver acyclic 1,4-dienes.47 In
this reaction manifold, the new "acceptor-derived" double bond is formed via an endo transition
state, leading to a cis olefinic configuration in the product (Equation 1). Berson has quantified
this energetic preference and studied the stereochemistry of the hydrogen migration.48 Turos has
shown that the presence of a silicon substituent on the "donor carbon" facilitates the hydrogen
migration, most likely by enabling hyperconjugation of the C-Si a bond with the o* antibonding
orbital of the breaking C-C bond (Equation 2).4
4 Ellis, R. J.; Frey, H. M. Proc. Chem. Soc. 1964,221.
4 (a) Daub, J. P.; Berson, J. A. Tetrahedron Lett. 1984, 25, 4463. (b) Parziale, P. A.; Berson, J. A. J. Am. Chem. Soc.
1990, 112, 1650. (c) Parziale, P. A.; Berson, J. A. J. Am. Chem. Soc. 1991, 113,4595.
4 Lin, Y.-L.; Turos, E. J. Org. Chem. 2001, 66, 8751.
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In contrast, Wilson has reported formation of the trans double bond in the opening of a
cyclopropane with an adjacent hydroxyl or mesylate leaving group, regardless of the initial
cisitrans configuration of the starting cyclopropane (Scheme 3, Equation 3).4
Scheme 3. Rearrangements of vinylcyclopropanes to acyclic 1,4-dienes.
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Similarly, Braddock has demonstrated that the internal 3,4-E-olefin is obtained
exclusively in Prins reactions terminated by cyclopropylmethylsilane (Equation 4).1 The
* Wilson, S. R.; Zucker, P. A. J. Org. Chem. 1988,53,4682.
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observation of E-selectivity may be explained by the participation of a carbocation, which is
stabilized by the adjacent cyclopropane ring in the bisected conformation where the (CHOR)R' is
oriented anti to the cyclopropane.
Most recently, Micalizio has described a titanium-mediated, alkoxide-directed fragment
coupling reaction between vinylcyclopropanes and vinyldimethylchlorosilane (Scheme 3,
Equations 5 and 6)." The stereochemical outcome of the rearrangement is orchestrated by the
adjacent alkoxide, which is believed to direct formation of a tricyclic titanacyclopentane that
subsequently fragments in a stereospecific manner. When TMS-substituted alkynes are used
instead of vinydimethylchlorosilane, this method, along with a related titanium-mediated
reductive coupling that does not involve cyclopropanes,5 3 may be used to produce
stereochemically diverse skipped trienes. However, these methods have not been demonstrated
to afford the triene substitution pattern present in ripostatin A.
We were intrigued by the apparent difference in selectivity observed in cyclopropane
rearrangements proceeding via a neutral pathway versus those proceeding via more polar or
directed mechanisms. Although the E geometry of the central olefin in the ripostatin A triene is
more consistent with a polar mode of reactivity than a neutral 1,5-hydrogen migration, we still
wished to investigate rearrangement under thermal conditions. To the best of our knowledge, this
rearrangement has not been explored for structures containing an additional alkenyl substituent
in conjugation, or those with electron-withdrawing groups adjacent to the site of hydrogen
migration. In particular, the latter's ability to facilitate the buildup of negative charge at an
adjacent carbon might play an important role in the stereoelectronic course of the reaction. In the
s (a) Braddock, D. C.; Badine, D. M.; Gottschalk, T. Synlett 2001, 1909. (b) Braddock, D. C.; Badine, D. M.;
Gottschalk, T.; Matsuno, A.; Rodriguez-Lens, M. Synlett 2002, 345. (c) Braddock, D. C.; Matsuno, A. Synlett 2004,
2521.
52 Macklin, T. K.; Micalizio, G. C. Nature Chem. 2010, 2, 638.
* Diez, P. S.; Micalizio, G. C. J. Am. Chem. Soc. 2010, 132,9576.
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event that thermal rearrangement fails to give products of the desired geometry, one might
consider the installation of a suitable leaving group adjacent to the cyclopropane (for instance,
via selective diene hydroboration-4 and oxidation) to examine the stereochemistry of
cyclopropane fragmentation under polar, anionic conditions (Scheme 4).
Scheme 4.
CO2Et (X) CO2Et
R ,,CO 2Et -------- R - CO2Et
Me H Me H
Results and Discussion
A. Synthesis of Cyclopropyl Enyne and Reductive Coupling with Model Epoxide
Diethyl 1,3-acetonedicarboxylate (Scheme 5, 2.27) was rapidly identified as an
inexpensive five-carbon fragment possessing the appropriate oxygenation pattern for preparation
of the C1-C9 enyne fragment. However, due to ketone-enol tautomerization, carbonyl
olefination methods are of limited utility for this substrate. Instead, the ketone was protected as
the mixed S,O-ketal and reduced to the diol 2.28. Protection of the hydroxyl groups and removal
of the ketal afforded ketone 2.30. A number of alternative promoters were investigated to avoid
the use of mercury(II) salts in the ketal deprotection (including Mel, aq. H20 2 , AgClO 4/I2);
however, these generally led to concomitant removal of the TBS groups and failure to isolate any
product. Methylenation with a CH2Br2-TiCl 4-Zn system delivered the olefin 2.31.
* Sasaki, Y.; Zhong, C.; Sawamura, M.; Ito, H. J. Am. Chem. Soc. 2010, 132, 1226.
ss (a) Takai, K.; Hotta, Y.; Oshima, K.; Nozaki, H. Tetrahedron Lett. 1978, 27, 2417. (b) Lombardo, L. Tetrahedron
Lett. 1982, 23, 4293. Catalytic effect of lead: (c) Takai, K.; Kakiuchi, T.; Kataoka, Y.; Utimoto, K. J. Org. Chem.
1994,59,2668. (d) Takai, K.; Kataoka, Y.; Miyai, J.; Okazoe, T.; Oshima, K.; Utimoto, K. Org. Syn. 1996, 73,73.
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Unfortunately, but perhaps not surprisingly, the 1 ,1-disubstituted olefin was completely
unreactive towards transition metal-mediated cyclopropanation.5
Scheme 5. Initial route to install the cyclopropane ring.
1. BF3-OEt 2,HS(CH 2)20H,CH2CI2
2. LAH, THF
82% (2 steps)
s
HO">§ OH
2.28
TBSCI, imid.,
CH2Cl2
88%
\
TBSO">< 'OTBS
2.29
0
TBSO OTBS
2.30
PbC 2, Zn0,
CH2Br2, T0C4,
CH2CI2
8 2 % C l4 0 T B S O O T B S
2.31
N2 -C0 2Et
Cu or Pd cat.
0
QEt
TBSO OTBS
2.32
We reasoned that the presence of an ester or alcohol would facilitate the installation of
the cyclopropane ring. To this end, ketone 2.30 was converted to the a ,p-unsaturated ester 2.33
using the Peterson olefination (Scheme 6)." Treatment of 2.33 with the sulfur ylide derived from
trimethylsulfoxonium iodide51 led to recovery of starting material at room temperature, but
decomposition at elevated temperatures. Instead, the enone was smoothly reduced to the allylic
alcohol, and a Furukawa-modified Simmons-Smith reaction 59 afforded the cyclopropyl alcohol
2.35 in high yield.
I Intermolecular reactions of a-diazoesters with 1,1-disubstituted olefins having two aliphatic substituents are
infrequently encountered in the literature, in contrast to the many reports of cyclopropanation of styrene derivatives.
For a review of transition metal-catalyzed cyclopropanation, see: (a) Doyle, M. P.; McKervey, M. A.; Ye, T.
Modern Catalytic Methods for Organic Synthesis with Diazo Compounds; Wiley: New York, 1998. A copper(I)-
bis(oxazoline) system catalyzes the cyclopropanation of isobutylene; however, a large excess of the olefin is
required: (b) Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. J. Am. Chem. Soc. 1991, 113, 726.
Rhodium(II) acetate has also been used for this type of transformation, although the product was formed in only
modest yield and these conditions were not investigated for formation of 2.32: (c) Banwell, M. G.; Edwards, A. J.;
Jolliffe, K. A.; Smith, J. A.; Hamel, E.; Verdier-Pinard, P. Org. Biomol. Chem. 2003, 1, 296.
* Peterson, D. J. J. Org. Chem. 1968, 33, 780.
' (a) Corey, E. J.; Chaykovsky, M. J. Am. Chem. Soc. 1962,84,867. (b) Corey, E. J.; Chaykovsky, M. J. Am. Chem.
Soc. 1965, 87, 1353.
59 Furukawa, J.; Kawabata, N.; Nishimura, J. Tetrahedron Lett. 1966, 7, 3353.
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Scheme 6. Synthesis of cyclopropyl enyne.
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Oxidation to the cyclopropyl aldehyde 2.36 offered a branching point from which either
the E- or Z-substituted enyne could be synthesized, should we wish to study the rearrangement of
both diene geometries. To access our initial target, the E-enyne 2.13, a Takai olefination" was
used to generate the E-vinyl iodide. The vinyl iodide was sufficiently stable for purification by
silica gel chromatography, but following purification was immediately carried forward to a
Sonogashira reaction 6 with propyne. The enyne could be obtained in 15:1 E:Z selectivity. It was
found that the use of freshly distilled THF in the Takai olefination and careful temperature
control in the subsequent cross coupling were critical to the preservation of high E:Z selectivity
over the course of these transformations.62 Once isolated, however, enyne 2.13 proved quite
stable and could be stored for extended periods at 0-5 *C without appreciable isomerization or
decomposition. In total the enyne was accessed in 10 steps and 35% overall yield.
With a suitable cyclopropyl enyne in hand, a model epoxide substrate containing the 1,3-
oxygenation pattern found in ripostatin A (Scheme 7) was prepared using a route analogous to
* Takai, K.; Nitta, K.; Utimoto, K. J.Am. Chem. Soc. 1986,108,7408.
61 Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16,4467.
62 Optimization of the E:Z selectivity and yield in these steps was carried out by Hyung Kyoo Kwon.
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one reported by Smith.63 Allylation of 2.37 with (+)-B-allyldiisopinocampheylborane generated
the alcohol 2.38 in high yield and enantioselectivity. Directed epoxidation using VO(acac) 2 and
tert-butyl hydrogen peroxide was initially performed in order to furnish 2.40 directly; however,
this proceeded only in modest yield and diastereoselectivity (53%, 2.8:1 syn:anti). Although the
ratio of syn:anti epoxide diastereomers could be enhanced by subjection of the mixture to
hydrolytic kinetic resolution," we found that greater throughput could be obtained by converting
alcohol 2.38 to the tert-butyl carbonate, performing an iodocyclization, then cleaving the
iodocarbonate and closing the epoxide under basic conditions. Silyl protection of the secondary
alcohol afforded the desired model compound 2.41.
Scheme 7. Synthesis of model epoxide for investigation of the nickel-catalyzed coupling reaction.
o -IcB(ayI) OH NaHMDS, 1. IBr, tol, -78 0C 80%S 2  H B F OBoc 2. K20O3, MeOH
PMBO H PMBO PMBO55%, 20:1 d.r.89%, 89% ee 83%
2.37 2.38 2.39
OH TBSOTf, 2,6-lut., OTBS
- O CH 2CI2  -
PMBO 71% PMBO" -
2.40 2.41
When enyne 2.13 and epoxide 2.41 were subjected to standard nickel-catalyzed reductive
coupling conditions, the reductive coupling reaction proceeded in good yield, leaving the
cyclopropane ring intact. However, the desired diene 2.42 was isolated along with the
regioisomeric product 2.43 in approximately a 3:1 ratio (Scheme 8). The desired product could
be partially separated from the regioisomer via careful silica gel chromatography.
63 Naphthyl instead of PMB: Smith, A. B., III; Sfouggatakis, C.; Risatti, C. A.; Sperry, J. B.; Zhu, W.; Doughty, V.
A.; Tomioka, T.; Gotchev, D. B.; Bennett, C. S.; Sakamoto, S.; Atasoylu, 0.; Shirakami, S.; Bauer, D.; Takeuchi,
M.; Koyanagi, J.; Sakamoto, Y. Tetrahedron 2009, 65, 6489.
" Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936.
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Scheme 8. Nickel-catalyzed enyne-epoxide reductive coupling reaction.
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It may be instructive to consider the proposed mechanism of the nickel-catalyzed alkyne
(or enyne)-epoxide reductive coupling reaction at this stage (Scheme 9). In contrast to the
mechanistic framework proposed65 for reductive coupling reactions of alkynes and aldehydes
developed in our laboratory," it is believed that epoxide oxidative addition precedes alkyne
addition, as opposed to concerted oxidative coupling. At least when dimethylphenylphosphine is
used as ligand, this may proceed via the intermediacy of a betaine species. However, the
oxanickelacyclobutane intermediate has yet to be isolated or observed. In the reductive coupling
reaction of enynes and epoxides, the olefin coordinates to nickel and directs alkyne insertion.
Transmetallation with triethylborane, followed by -hydride elimination and reductive
elimination, gives the homoallylic alcohol after work-up.
65 (a) McCarren, P. R.; Liu, P.; Cheong, P. H.-Y.; Jamison, T. F.; Houk, K. N. J. Am. Chem. Soc. 2009, 131, 6654.
(b) Liu, P.; McCarren, P.; Cheong, P. H.-Y.; Jamison, T. F.; Houk, K. N. J. Am. Chem. Soc. 2010, 132,2050.
' (a) Huang, W.-S.; Chan, J.; Jamison, T. F. Org. Lett. 2000, 2, 4221. (b) Miller, K. M.; Huang, W.-S.; Jamison, T.
F. J. Am. Chem. Soc. 2003, 125, 3442.
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Scheme 9. Proposed mechanism for nickel-catalyzed coupling reaction of alkynes or enynes with epoxides.
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Because of this directing effect, formation of the regioisomeric diene product is atypical
for reductive coupling reactions of enynes and epoxides. However, regioisomer formation has
been observed when a methyl substituent is present on the carbon directly adjacent to the
epoxide and PPhMe2 is used as the ligand.67 In one instance it was observed that higher
regioselectivity and yield for the major product was associated with shorter reaction times, and it
was suggested that this might be due to selective decomposition of the major regioisomer under
the reaction conditions. Although we have not excluded this possibility in the reaction of interest,
even if the entire mass balance of the reaction forming 2.42 and 2.43 consisted of the desired
product that had decomposed under the reaction conditions, that would still correspond only to a
modest initial 4.5:1 regioisomeric ratio. Furthermore, it appears that enyne oligomerization is
also a significant competing process in the present reaction.
In the reactions of 1-pheynyl-1-propyne with epoxides with oxygenation in the 3-position
(Scheme 10), it was found that epoxides containing adjacent silyl ethers afforded mainly the
67 Sparling, B. A. S.B. Thesis, Massachusetts Institute of Technology, Cambridge, MA, 2008.
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expected regioisomer (7:1 2.50a:2.50b); however, epoxides with sulfonate esters (e.g. tosyl,
2.45) and esters (e.g. acetyl, 2.46) afford regioisomeric mixtures of opposite (albeit poor)
selectivity relative to that normally observed for unfunctionalized epoxides.s This is proposed to
be an effect of the coordinating ability of Lewis basic oxygen atoms in tosylates and esters,
which may disrupt the binding and directing effect of phenyl or alkenyl groups.
Scheme 10. Unusual regioselectivity in reductive couplings of alkynes and 3-oxygenated epoxides (Dr. Jeffery A.
Byers).
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X = Ts 2.45 X = Ts 2.48a, 2.48b 1 2
X = Ac 2.46 X = Ac 2.49a, 2.49b 2 3
X = TBS 2.47 X = TBS 2.50a, 2.50b 7 1
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versus I R
Me R O
In the case of the ripostatin A model system, the most likely candidate for chelation is the
oxygen protected as the PMB ether (Figure 6). Although an eight-membered chelate might seem
too large to play an important role in directing regioselectivity, the presence of the
oxanickelacyclobutane might necessitate a larger chelate. It would seem that this would not be so
different than the seven-membered chelates invoked for couplings of the 3-oxygenated epoxides,
and the 3:1 regioselectivity we observe in the "normal" direction is consistent with chelation
playing less of a role in our system. It is worth noting that the PMB ether corresponds to the
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* Byers, J. A. Unpublished results.
position of the ketone in ripostatin A, and so if this model is correct, we might anticipate modest
regioselectivity for the desired fragment coupling if the ketone remains unprotected.69
Figure 6. Possible mode of chelation impacting regioselectivity in ripostatin A enyne-epoxide model coupling.
,OTBS
PMBO
Me
L ,Ni
H
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We attempted to discern whether this proposed interaction was the reason for the
observed regioselectivity by performing the nickel-catalyzed coupling reaction with 1,2-
epoxyoctane, which lacks potentially chelating functional groups (Scheme 11). Although the
coupling product 2.52 appears to be formed in the reaction either with Bu 3P or PhMe2P as ligand,
the non-polar nature of this molecule complicated chromatographic purification, and only
mixtures of what appears to be 2.52 along with one or more other products were isolated. Based
on these results, regioisomer formation in this system cannot be excluded.
Scheme 11.
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Several aspects of the enyne synthesis and the nickel-catalyzed coupling reaction require
further investigation. As 2.13 does not itself appear to undergo thermal rearrangement, we wish
to convert this compound to the diester 2.53 (Scheme 12). As the reaction can be run in ethyl
69 Reactions of 1,3-enynes and aromatic ketones are catalyzed by nickel(O), but ketones containing two aliphatic
substituents are poorly reactive: Miller, K. M.; Jamison, T. F. Org. Lett. 2005, 7, 3077.
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acetate, we do not anticipate ester groups to interfere with the nickel-catalyzed reductive
coupling reaction, but this should be verified experimentally. Although deprotection proceeds
essentially quantitatively, preliminary investigation indicates that oxidation of the diol derived
from 2.13 is complicated by the 1,5 relationship of the alcohols, and an effective method for this
conversion remains elusive.70 Despite the greater complexity inherent to this alternative,
implementation of a route that differentiates the alcohols, allowing for sequential oxidation, may
be necessary. A method developed in our laboratory for the preparation of trisubstituted allylic
alcohols may be useful in this regard.7 1
Scheme 12.
OTBS
Me iTBAF, THF C2Me
2. [0] Me CO2Me
OTBS C0 2Me
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B. Dithiane Approach to Epoxide
With respect to the synthesis of the proposed epoxide fragment 2.12, we initially
envisioned using the reaction of lithiated dithianes with epoxides pioneered for multicomponent
couplings by Smith and Tietze (Scheme 13).72 Rather than use a linchpin coupling with the 2-
silylated 1,3-dithiane reagent and two electrophiles, we reasoned that 2.55 could be expediently
accessed from the corresponding aldehyde by making use of a Claisen rearrangement to set the
geometry of the y,6-unsaturated double bond.
7 Deprotection and oxidation studies were carried out by Hyung Kyoo Kwon.
7 Langille, N. F.; Jamison, T. F. Org. Lett. 2006,8,3761.
72 (a) Tietze, L. F.; Geissler, H.; Gewert, J. A.; Jakobi, U. Synlett 1994, 511. (b) Smith, A. B., III; Boldi, A. M. J.
Am. Chem. Soc. 1997,119,6925.
126
Scheme 13. Initial retrosynthesis of epoxide fragment using dithiane linchpin coupling.
H
TBS Me 2.55
15 13 1113 11+
Me 2.12 Me 2.54 O
-4 O
2.56
In the forward direction, the allylic alcohol 2.58 was obtained from reaction of the
alkenyllithium reagent derived from 2-bromopropene with phenylacetaldehyde (Scheme 14). In
our hands, the organolithium afforded significantly higher and more reproducible yields than
addition of either the commercially available Grignard reagent or the organocerium. Johnson-
Claisen rearrangement of 2.58 proceeded smoothly to give the y,5-unsaturated ester 2.59.
Conducting the reaction in a microwave reactor at 170 *C allowed the reaction to proceed in just
30 minutes, a significant improvement over refluxing the reaction in toluene, which typically
required 48 hours to obtain a comparable yield. Reduction and oxidation afforded the aldehyde
2.61, which could then be converted to the malodorous dithiane 2.55.
Scheme 14. Synthesis of dithiane fragment using Claisen rearrangement.
Br
Me (MeO) 3CMe,
H n-BuL oHF, CH3CH2 O2 H, "eLAH, THF-78~ T , O 170 'C, tW _____
H 83% 7%Oe 92%
Me Me
2.57 2.58 2.59
HS(CH2)3SH,
NH DMP, NaHCO 3, N BF0OEk,
OHCH2 C 2  ____H_______S
N O5N% 60% NH
Me Me Me
2.60 2.61 2.55
" Johnson, W. S.; Werthemann, L.; Bartlett, W. R.; Brocksom, T. J.; Li, T.-T.; Faulkner, D. J.; Petersen, M. R. J.
Am. Chem. Soc. 1970,92,741.
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Alternatively, aldehyde 2.61 could be obtained in one step from 2.58 by heating in a
sealed tube with ethyl vinyl ether and mercury(II) acetate as a promotor (Scheme 15). However,
the aldehyde synthesized in this manner was of lower purity by 'H NMR than that prepared via
the three-step method, so the longer procedure was typically used.
Scheme 15. Shortened preparation of aldehyde 2.61.
Hg(OAc)2,
130 I 0
60% '~. H
Me Me
2.58 2.61
We set out to explore the reactivity of dithiane 2.55 with the known epoxide 2.62'4 to
form what would correspond to the C14-C15 bond of ripostatin A (Table 1). It should be noted
that this epoxide is a diastereomer that would lead to the C13 epimer of ripostatin A were it
carried forward through the synthesis. Although Kocienski has reported synthesizing the epoxide
2.56 of the desired configuration, the preparation relies on sulfur ylide addition to a four-carbon
aldehyde, which gives a mixture of diastereomeric products that are difficult to separate by
chromatography. We believed that we could adapt Smith's route to produce the desired
diastereomer, but for our initial investigations of the reaction simply prepared 2.62. Ultimately,
this would be of little consequence, as the dithiane 2.55 failed to react with the epoxide under a
variety of Smith's conditions for linchpin coupling reactions. We suspected that the lithiated
dithiane was not being generated, and decided to investigate this step of the reaction
independently of reaction with the epoxide electrophile.
7 Smith, A. B., III.; Zhuang, L.; Brook, C. S.; Lin, Q.; Moser, W. H.; Trout, R. E. L.; Boldi, A. M. Tetrahedron Lett.
1997,38,8671.
7s (a) Yeates, C.; Street, S. D. A.; Kocienski, P.; Campbell, S. F. J. Chem. Soc., Chem. Commun. 1985, 1388. (b)
Kocienski, P.; Street, S. D. A.; Yeates, C.; Campbell, S. F. J. Chem. Soc., Perkin Trans. 11987, 2189.
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Table 1. Attempts to couple dithiane and epoxide.
conditions OH Q0 1 S15S 0I S 15S 4
H + 1413 11
Me 14 Me
Me 2.55 14 2.62 Me 2.63
entry 2.55 2.62 conditions result
1 1.1 equiv 1.0 equiv t-BuLi 1.1 equiv, Et20, -78 to -30 0C no reaction(add 2.62 at -30 *C)
2 1.1 equiv 1.0 equiv t-BuLi 1.1 equiv, Et20, -78 to -15 to -25 0C 2.62 gone, some dithiane left (messy),(add 2.62 at -25 0C) no desired
3 1.0 equiv 1.0 equiv t-BuLi 1.1 equiv, Et20, -78 to -42 to -78 to -42 0C 2.62 opened by t-Bu,(add 2.62 upon re-cooling to -78 0C) most of dithiane recovered
4 1.0 equiv 1.0 equiv t-BuLi 1.0 equiv, 90:10 THF/HMPA, -78 0C 2.62 gone very rapidly, messy
To probe the generation of the lithiated dithiane, 2.55 was treated with tert-butyllithium
at -78 'C in a 90:10 THF/HMPA mixture, referred to as the method of first choice for lithiation
of complex dithianes (Scheme 16).76 Following warming to -42 *C, the reaction was quenched
with deuterated methanol. Analysis of the product by 1H NMR revealed that no deuterium
incorporation (to the sensitivity of integration) had occurred at the desired dithiane site, while
approximately 80% deuterium incorporation had occurred at the allylic/benzylic site.
Scheme 16. Deuterium labeling reveals that the allylic/benzylic site is most acidic.
i. t-BuLi 1.1 equiv
90:10 THF/HMPA
-78 OC to -42*
ii. CD 30D
H C D-0 D H 0 % D i n c o r p .
Me 2.55 D Me 2.55-d
80% D incorp.
These results indicated that dithiane coupling would not be a feasible strategy with the
trisubstituted C18-C19 olefin already in place. However, given the suitability of the Claisen
rearrangement for the formation of this bond, we wished to preserve that transformation in our
76 Smith, A. B., III.; Adams, C. M. Acc. Chem. Res. 2004,37,365.
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synthesis. Accordingly, an alternate route that would capitalize on the electrophilic nature of the
aldehyde 2.61 to form the bond corresponding to C14-C15 of ripostatin A instead was sought.
C. Oxy-Michael Approach to Epoxide
We were intrigued by a recent report by Falck describing an organocatalytic oxy-Michael
addition to achiral 6-hydroxy-a,p-enones (Scheme 17)." The hydroxyl group is delivered in a
directed fashion from the boronic acid hemiester generated in situ from the substrate and
phenylboronic acid. It is proposed that complexation of the tertiary nitrogen to boron and
coordination of the carbonyl by the chiral thiourea act in a push/pull fashion, simultaneously
enhancing the nucleophilicity of the boronate oxygen as well as imposing a chiral environment
around the enone. Aliphatic enones react more sluggishly in this transformation; however, 3,4,5-
trimethyoxyphenylboronic acid may be used as a more efficient nucleophilic partner to
circumvent this limitation.
Scheme 17. Oxy-Michael addition to 6-hydroxy-a,p-enones.
i. PhB(OH) 2, 2.64, H
0 OH 4A MS, tol 0 OH OH S YN CF3ii. H202, Na200 3  NHI
71%, 86%ee ICNMe2 CF3
2.64
Application of this transformation to the ripostatin A epoxide fragment 2.12 allows us to
introduce the C13 hydroxyl group via conjugate addition to the 8-hydroxy-a,p-enone 2.65
(Scheme 18). Although the diastereoselectivity of this reaction using substrates with a chiral
center at the hydroxyl group had not been investigated in Falck's study, substitution at the
carbinol position was reportedly well tolerated for the reaction using y-hydroxy-a,p-enones. It
7 Li, D. R.; Murugan, A.; Falck, J. R. J. Am. Chem. Soc. 2008, 130,46.
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should be noted that although the presence of chirality at the 6-position allows for
diastereoselective intramolecular oxy-Michael addition of hemiacetal-derived alkoxides into c,3-
unsaturated esters, as reported by Evans, the extension of this reaction to ketones was not
successful. 8 In turn, we sought to prepare 2.65 via hydrometalation of 2.66 and subsequent
addition into aldehyde 2.61.
Scheme 18. Revised retrosynthetis of epoxide 2.12.
-0 OTBS 0 OH 5 iH
SOPMB MeN 31 - 15 _13 11 2.61
Me Me
2.12 2.65 OTBS
OPMB
2.66
To this end, (R)-glycidol was protected as the para-methoxybenzoate ether to give the
PMB glycidol 2.68 (Scheme 19), in which the configuration is now assigned as (S). Attempting
to open the epoxide of 2.68 with the ethylenediamine complex of lithium acetylide in DMSO at
0-5 *C as described for (S)-O-benzylglycidol"9 led to poor conversion (43% yield, along with
recovered starting material). No reaction was observed in THF at 0 *C. However, a 1:1
THF/DMSO solvent mixture proved efficacious for this transformation, allowing the terminal
alkyne to be accessed in 84% yield with no sign of rearrangement to the internal alkyne. Silyl
protection afforded alkyne 2.66, which proved prone to decomposition upon extended storage,
even at -20 'C.
7 Evans, D. A.; Gauchet-Prunet, J. A. J. Org. Chem. 1993, 58, 2446.
7 Takano, S.; Sekiguchi, Y.; Sato, N.; Ogasawara, K. Synthesis 1987, 139.
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Scheme 19. Synthesis of functionalized ketone via oxy-Michael addition.
1. ==-Li-EDA 1. i. Cp2Zr(H)CI, CH2Cl2, 0 0C1:1 THF/DMSO 84% ii. Me2Zn, -60 0C
NaH, PMBCI, 2. TBSOTf, 2,6-lut. iii. 2.61, 0 0C 84%
o TBAI, DMF O CH 2Cl2, 0 *C 99% OTBS 2. DMP, CH 2Cl2 76%
K OH 78% * K>NOPMB "' OPMB
2.67 2.68 2.66
1. MeOH, HCI, 000 68%
2. i. PhB(OH) 2, 2.62,
4A MS, tol, 50 0C
ii. H202, K2CO 3 17%
~ 0 OTBS 3. TBSOTf, 2,6-lut. 0 OTBS OTBS
CH2CI2 50% OPMB
OOPMB
Me Me2.69 2.70
Hydrozirconation of alkyne 2.56 with Schwartz's reagent' was followed by
transmetallation to zinc and non-stereoselective addition into aldehyde 2.61. Oxidation of the
resulting allylic alcohol afforded the enone 2.69. Prior to the key oxy-Michael addition, we first
needed to remove the tert-butyldimethylsilyl protecting group. Use of TBAF under buffered
(acetic acid) or unbuffered conditions proved sluggish and fairly low-yielding (typically ~ 50%).
Various other promotors led to decomposition (BF 3-OEt2) or low conversion (CsF); however, a
modest improvement in the yield was noted with the use of 1% HCl in MeOH (along with a
small amount of THF to dissolve the starting material).
The oxy-Michael addition with chiral thiourea and phenylboronic acid proceeded to give
a single diastereomer; however, after 48 h at 50 'C, only 17% of the syn diol was formed, and
56% of the starting material was re-isolated. Under the modified conditions for less reactive
aliphatic aldehydes using 3,4,5-trimethyoxyphenylboronic acid, we were unable to isolate the
desired diol from the reaction mixture, perhaps due to ketalization and/or co-elution with boronic
acid-derived byproducts.
80 (a) Wailes, P. C.; Weingold, H. J. Organomet. Chem. 1970, 24, 405. (b) Hart, D. W.; Schwartz, J. J. Am. Chem.
Soc. 1974, 96, 8115.
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Since the oxy-Michael substrate derived from 2.69 contains an existing stereocenter at
the directing hydroxy group, we also attempted to carry out the reaction with diisopropylamine
as a substitute for the thiourea catalyst. This modification afforded both the syn and anti diols in
roughly a 1:1 ratio and a combined yield of 40-45%. Somewhat surprisingly, under these
conditions, no starting material was recovered following the reaction, and the reason for the poor
mass recovery was unclear. The syn and anti diastereomers could be separated by repeated silica
gel chromatography, and the desired syn diol was converted to the bis-silylated compound 2.70.
Unfortunately, attempted oxidative deprotection of the PMB ether of 2.70 led to
destruction of the material (Scheme 20). It seems likely that this is again due to the presence of
the allylic/benzylic site in the molecule, although no individual decomposition products could be
isolated or identified. However, it has been reported that 1,4- and 1,3-dienes may interfere with
DDQ deprotections.8
Scheme 20.
OB TSDDQ cjOTBS ?TBS
OPMB CH 2CI 2/H20 .
-
- OH- -OPMB 1
Me Me
2.70 2.71
Although it is possible that further screening of deprotection conditions might allow us to
access 2.71 via this route,8 2 the modest yields and long reaction time of the oxy-Michael addition
severely limited material throughput. In order to proceed with the synthesis, we needed a more
robust route, with the following criteria: (1) no protecting groups requiring oxidative cleavage
are used, and (2) the C13 hydroxyl group is introduced at an early stage.
81 Wuts, P. M. G.; Greene, T. W. Protection for the Hydroxyl Group, Including 1,2- and 1,3-Diols. Greene's
Protective Groups in Organic Synthesis, 4th ed.; Wiley: Hoboken, NJ; 2007; pp 123-130.
82 The combination of MgBr 2-OEt2 and Me 2S was used to deprotect a PMB ether in the presence of a sensitive 1,3-
diene. This reagent combination also removed a PMB group selectively in the presence of a primary TBS group:
Onoda, T.; Shirai, R.; Iwasaki, S. Tetrahedron Lett. 1997, 38, 1443.
133
D. lodocyclization Approaches to Epoxide
In the preparation of model epoxide 2.41 (vide supra), iodocyclization was used to
introduce oxygenation in a stereoselective fashion from a chiral homoallylic alchol. Applying
this disconnection, we hypothesized that we might be able to introduce the epoxide functional
group of 2.12 via iodocyclization of the tert-butyl carbonate 2.72 (Scheme 21). Although the
additional double bond in this substrate presents a potential site for competing reaction pathways,
we were encouraged by a report by Bartlett in which the iodocyclization of the tert-butyl
carbonate derivative of 1,7-octadien-4-ol afforded exclusively the 6-membered carbonate
product, with the product arising from cyclization onto the more distant double bond not
detected." We set out to access 2.72 from deprotonation of methyl ketone 2.74 on the less
hindered side and alkylation with bromide 2.73.
Scheme 21. Retrosynthesis using iodocyclization to introduce the epoxide functional group.
a 
_-. Br
0 OTBS O 1 * 11 2.73Me
1 5 13 11 515 13 " +
Me Me 0 OTBS
2.12 2.72 11
Me- 15 13 'N
2.74
The E-allylic bromide 2.73 was prepared in short order, albeit modest yield, with an
Appel reaction" of the known allylic alcohol 2.75 (Scheme 22). The alcohol was prepared from
phenylacetaldehyde by E-selective Wittig olefination with the stabilized ylide
(carbehoxyethylidene)triphenylphosphorane, followed by DIBAL-H reduction, as subsequently
described in the literature.85
83 Bartlett, P. A.; Meadows, J. D.; Brown, E. G.; Morimoto, A.; Jernstedt, K. K. J. Org. Chem. 1982,47,4013.
84 Appel, R. Angew. Chem., Int. Ed. Engl. 1975,14,801.
85 Malkov, A. V.; Czemeryz, L.; Malyshev, D. A. J. Org. Chem. 2009, 74, 3350.
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Scheme 22. Preparation of allylic bromide.
PPh3, CBr4I 0H2C12, 0 -C
a - OH 46%,17:1 EZ 0 Br
Me Me
2.75 2.73
To synthesize ketone 2.74, we opted to utilize an asymmetric aldol reaction to set the
stereochemistry of the p-hydroxyl group. Since the report of Evans's diastereoselective
asymmetric aldol reaction using the boron enolates of N-acyloxazolidinones," numerous chiral
auxiliary-based methods have been developed for the synthesis of syn- or anti-propionate aldol
units. However, many of these auxiliaries, including the Evans oxazolidinones, fail to give high
stereoselectivities when employed in acetate aldol reactions.87 Of the methods available, we
selected Sammakia's boron enolate-based strategy using the N-acetylthiazolidinethione 2.76
(Scheme 23) for its high reported diastereoselectivity with aliphatic aldehydes and its avoidance
of toxic tin reagents.88
The reaction of the brightly colored 2.76 with but-3-enal proceeded in moderate yield,
with the diastereomeric ratio of the product typically 10:1. We considered the possibility of
enriching this ratio further by HPLC in addition to standard chromatographic purification, but
quickly discovered that the auxiliary was cleaved on the silica column used for the instrument.
However, the purity of the material proved satisfactory following silyl protection. In light of the
initial adduct's observed propensity toward auxiliary cleavage, the silylated compound 2.78 was
surprisingly reluctant to form the Weinreb amide. Microwave irradiation allowed this process to
proceed on a more reasonable time scale. The chief difficulty of this reaction was the similar
8 Evans, D. A.; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103, 2127.
7 For a review of asymmetric acetate aldol reactions, see: Braun, M. Angew. Chem., Int. Ed. Engl. 1987, 26, 24.
" Zhang, Y.; Phillips, A. J.; Sammakia, T. Org. Lett. 2004, 6, 23.
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retention factors of the amide and the cleaved auxiliary on silica gel. Grignard addition to the
Weinreb amide afforded the ketone 2.74.
Scheme 23. Synthesis of ketone 2.74 using thiazolidinethione chiral auxiliary.
1. PhBCl 2, (-)-sparteine, 2.77, 1. (MeO)MeNH-HCI, imid.,S 0 CH2C2, -78 OC to rt 50% S 0 OTBS CH2C12, 100 C, [tW 59%
SA NMe 2. TBSOTf, 2,6-lut. 79% AN 2. MeMgCI, Et20, 0 C 77% 0 OTBS
Me
tBu 0 tBu
2.76 H 2.78 2.74
2.77
Unfortunately, attempts to unite ketone 2.74 and bromide 2.73 via alkylation were
unsuccessful (Scheme 24). Although deprotonation at the less-substituted site of the methyl
ketone was verified in a separate deuterium quench experiment, the alkylation did not proceed at
temperatures from -78 *C to 0 *C. While the ketone was re-isolated cleanly following the
reaction, the bromide was converted to a mixture of several olefinic compounds.
Scheme 24.
i. LDA, THF, -78 C
11.
M OTB2.73 Me Br
Me 'N.N N
2.74 Me 2.79
Faced with the difficulty of forming the C16-C17 bond by alkylation, we considered
potential routes arising from retrosynthetic disconnection of the C15-C16 bond (Scheme 25). It
was recognized that reaction of the enolate of ester 2.59, a compound previously synthesized in
just two steps, with aldehyde 2.81 and subsequent oxidation could give the p-ketoester 2.80.
Decarboxylation of this compound would provide rapid access to the key iodocyclization
substrate 2.72.
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Scheme 25. Retrosynthesis involving decarboxylation of a p-ketoester.
__Y a OMe
0 Oc 0 OTBMe 2.5917 N1716 +11
16 0 OTBSMe 2.72 Me CO2Me 2.80 H 11
Hi'S- 13 N
2.81
Aldehyde 2.81 was prepared by reduction of the thiazolidinethione 2.78 with DIBAL-H
(Scheme 26). Treatment of the ester with LDA, followed by trapping with the aldehyde, afforded
the aldol adduct as a mixture of up to four possible diastereomers. This was then oxidized using
Ley's conditions' to the p-ketoester 2.80, itself a mixture of two diastereomers.
Scheme 26. Synthesis of p-ketoester 2.80.
DIBAL-H,
S O OTBS CH2C2, 0 OTBS
-780-S N N 764% HN
tBu 2.81 1. i. LDA, THF, -78 C
2.78 ii. 2.81 86%
2. TPAP, NMO, 4A MS, 0 OTBS
N CH12CI2 67% 'NNOMe NMN
Me 2.59 Me C02Me 2.80
Initially, we attempted to induce decarboxylation of 2.80 by treatment with LiOH in a 1:1
water/THF mixture. No reaction was observed at room temperature, but heating to 70 'C resulted
in elimination of the p-siloxy group. The Krapcho reaction offers an essentially neutral method
for the decarboxylation of base- and acid-sensitive substrates.90 Using these conditions (sodium
chloride in wet DMSO at elevated temperature), the desired decarboxylation reaction proceeded,
although in only modest yield (Scheme 27). Reducing the temperature from 180 *C to 120 *C led
to much lower conversion, as expected, but did not improve mass recovery in the reaction.
Somewhat more surprisingly, silyl deprotection of 2.80 with TBAF was also low yielding.
89 Ley, S. V.; Norman, J.; Griffith, W. P.; Marsden, S. P. Synthesis 1994, 639.
9 Krapcho, A. P.; Lovey, A. J. Tetrahedron Lett. 1973, 14, 957.
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Interestingly, when the order of these operations was reversed, the Krapcho conditions led to a
complex product mixture, the major component of which appeared to be the dienone formed
from elimination and isomerization of the terminal olefin into conjugation.
Scheme 27. Decarboxylation of p-ketoester 2.80 under Krapcho conditions.
1. NaC, H20, DMSO
2. TBAF, THF 41%
Me CO 2Me 2.80 Me 2.82
We reasoned that the decarboxylation and silyl deprotection steps could be coupled into
one operation by switching from the methyl ester to the 2-trimethylsilylethyl (TMSE) ester.
Although there was concern that if the TBS group were removed first, the free hydroxyl group
would undergo elimination, it seemed likely that both deprotections would proceed at ambient
temperature, which might circumvent this issue. Transesterification of methyl ester 2.59 to
TMSE ester 2.83 proceeded in good yield, and following an analogous procedure for aldol
reaction and oxidation the TMSE p-ketoester was obtained (Scheme 28). Treatment with an
excess of TBAF in THF at room temperature overnight resulted in formation of the p-
hydroxyketone 2.82. Although the yield for this transformation was only moderate, it was higher
than that obtained for either of the individual steps from the methyl series that it replaced.
The cleavage of TMSE p-ketoesters with TBAF-3H 20 has been described in the literature
as a chemoselective method for decarboxylation in the presence of other types of p-ketoesters.9'
Comparable yields for the decarboxylation to form 2.82 were obtained with this reagent as with
the anhydrous solution, or when the reaction was run in DMF instead of THF. The use of TAS-F
(tris(dimethylamino)sulfonium trifluoromethylsilicate) was clearly inferior, as this led to
incomplete conversion and elimination. With TBAF, partial elimination could sometimes be
9" Knobloch, E.; BrUckner, R. Synlett 2008, 1865.
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observed; however, this typically occurred in less than 10%. Given our results, it seems that the
fluoride-mediated deprotection of TMSE P-ketoesters is deserving of further exploration and
utilization as a method for decarboxylation of sensitive synthetic intermediates.
Scheme 28. Improved synthesis of 2.82 and attempted iodocyclization.
1. i. LDA, THF, -78 C
ii. 2.81 86%
Ti(Oi-Pr)4, 2. TPAP, NMO, 4A MS,
TMS(CH 2)20H, O CH 2C12 65%
DME, 120 *C 3. TBAF, THF 51%
OMe 81% OTMSE
Me 2.59 Me 2.83
Boc20, pyr,
0 H DMAP, 1 Br
CH2 OBoc 2
N N 47%NN
Me 2.82 Me 2.72
O
Me 2.84
Alcohol 2.82 was derivatized as the Boc carbonate 2.72. This reaction was plagued by
formation of the carbonate arising from two molecules of 2.82. This is a common side reaction
for Boc protection of alcohols under the nucleophilic catalysis conditions used, and for some
substrates may be the major product.92 The ratio of Boc derivative to symmetrical carbonates is
dependent on the acidity of the alcohol, with more acidic alcohols tending to give more of the
Boc derivative, and is not necessarily improved by the increasing the stoichiometry of Boc 2 0.
With the carbonate in hand, we set out to test the proposed iodocyclization reaction.
Disappointingly, treatment of 2.72 with IBr or 12 using the conditions set forth by Smith or
Bartlett, respectively, led to exhaustive decomposition of the material. We are unable to state
whether the decomposition arises from the presence of the trisubstituted olefin, the ketone, or
both; however, this result underscores the synthetic challenge of what appears on the surface to
92 Basel, Y.; Hassner, A. J. Org. Chem. 2000, 65, 6368.
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be a relatively simple target. Similarly, attempts to convert the homoallylic olefin into the
epoxide via directed oxidation with VO(acac) 2 and TBHP again resulted in an intractable mixture
of products (Scheme 29).
Scheme 29.
VO(acac)2, t-BuOOH,
N H CH2 12 j H
Me 2.82 Me 2.85
While our investigations into installing the epoxide via iodocyclization were ultimately
not fruitful, in the course of this route we identified an expeditious and perhaps underappreciated
disconnection in the construction of the C15-C16 bond via a simple aldol reaction, followed by
TBAF-promoted decarboxylation to remove the ester. We concluded that selective reaction of
the terminal olefin in the presence of the trisubstituted olefin was not a feasible proposition.
Therefore, we needed to begin from a substrate with oxygenation present at C10 and C1I from
an early stage as well.
E. Acetonide Approach to Epoxide
To obtain the key C1O-C 11 epoxide in 2.12 in stereoselective fashion from displacement
of a leaving group at C1O as opposed to via the alkene, a means for the selective formation of a
syn-1,3-diol at C1i and C13 is required. Rychovsky has demonstrated that alkylations of 4-
cyano-1,3-dioxanes (cyanohydrin acetonides) constitute a practical, valuable approach to syn-
1,3-diol synthesis. 3 The lithiated cyanohydrin acetonides react as nucleophiles with alkyl, allyl,
and propargyl halides, as well as epoxides. Although the alkylation itself is highly stereoselective
in favor of the axial nitrile, the syn-1,3-diol stereochemistry is ultimately set in a subsequent
9 Review: Sinz, C. J.; Rychnovsky, S. D. Top. Curr. Chem. 2001,216,51.
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reductive decyanation step. We planned to synthesize 2.12 via the reaction of the cyanohydrin
acetonide 2.87' with the epoxide electrophile 2.86 (Scheme 30).
Scheme 30. Retrosynthesis utilizing Rychnovsky's cyanohydrin acetonide methodology.
- ~ 0 OTBSQ I 0
15~~~~~ 13C ~ ' . 1 +
OTIPS
Me Me N'13 11
2.12 2.86 2.87
The dimethyl derivative of L-malic acid was chemoselectively reduced with borane-
dimethylsulfide and sodium borohydride to afford diol 2.89. The primary alcohol was protected
as the TIPS ether, and the secondary alcohol subsequently converted to the TMS ether.
Reduction with DIBAL-H afforded the aldehyde 2.91 without any sign of over-reduction to the
alcohol. Acetonide formation proceeded smoothly to give 2.87 as an inconsequential mixture of
diastereomers. However, attempts to alkylate the lithiated anion of 2.87 with epoxide 2.86 led
only to recovery of starting material. Interestingly, although alkylations of the acetonide are
known to be stereoselective, protonation does not appear to be, as a cis and trans mixture was
obtained from the attempted reaction of a single acetonide diastereomer.
' The acetonide substrate 2.87 appears in the literature: Rychnovsky, S. D.; Zeller, S.; Skalitzky, D. J.; Griesgraber,
G. J. Org. Chem. 1990, 55, 5550. However, spectroscopic data was not found in what appears to be the initial
publication, its supporting information, or citing references. We have therefore fully characterized this compound
and its precursors 2.90 and 2.91 (vide supra).
9 Saito, T. H. S.; Inaba, M.; Nishida, R.; Fujii, T.; Nomizu, S.; Moriwake, T. Chem. Lett. 1984, 13, 1389.
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Scheme 31. Synthesis of cyanohydrin acetonide and attempted alkylation with epoxide.
1. TIPSOTf, 2,6-lut.,
i. BH3-SMe 2, CH2C2, 0 0C 78%
0 OH NaBH 4, THF 0 OH 2. TMSCI, Et3N, 0 OTMS DIBAL-H,
OMe ii.MeO OH CH2C2 95% CH 2C 2, -78 
*C
MeO e 77% MeO)(N O 0 e~'- TP 81% --
2.88 0 2.89 2.90
i. TMSCN, KCN,
18-crown-6
ii. 2,2-dimethoxy- i. LDA, THF,
0 OTMS propane, O-78 C OH O O
acetone, CSA OTIPS. 2.86, -45 C N OTIPS
H OTIPS 71% NCO
2.91 2.87 Me 2.92
NaH,
Me3SO'I-,
SDMSO, 60 -C 
0
H 34% 0
Me 2.61 Me 2.86
In the course of investigating why 2.87 and 2.86 did not react, we attempted to trap the
anion of 2.87 with a more reactive electrophile. Allyl bromide reacted rapidly, affording the
product 2.93 as a single diastereomer (Scheme 32). The configuration of this compound, as well
as subsequent compounds along this route, could be assigned as the 1,3-syn acetonide by analysis
of the 13C chemical shifts of the acetonide methyl groups." We realized that conversion of this
olefin to the aldehyde would provide an ideal electrophile for a revised p-ketoester
decarboxylation strategy. To this end, reduction of the nitrile proceeded with the expected
selectivity; this arises from equilibration of the intermediate radical to the more stable axial
radical. As the starting material was insoluble in liquid ammonia at -78 *C, and the reaction
visibly hetereogeneous in the presence of too much THF, it was essential to allow the reaction to
warm to reflux. Ozonolysis of the pendant olefin afforded aldehyde 2.95 in high yield.
' The small A value of a nitrile means that it behaves as a hydrogen in 13C acetonide analysis. The observed 13C
acetonide chemical shifts of 30.8 and 21.6 ppm are consistent with the syn acetonide. Rychnovsky, S. D.; Skalitzky,
D. J. Tetrahedron Lett. 1990, 31, 945.
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Scheme 32. Allylation of acetonide and conversion to aldehyde.
O O i. LDA, THF, -78 0C Y Lio, NH3,
-OTPSii. allyl bromide 9 9 THF, -78 0C to reflux
NC OTIPS 53%, 71% BRSM 65%
2.87 2.93
o<O i. 03 CH 2Cl2, -78 0C O O Oii. PPh3
OTIPS 9OTIPS91% H
2.94 2.95
Following our prior procedure, the lithium enolate of TMSE ester 2.81 was reacted with
aldehyde 2.95, and the mixture of diastereomeric alcohols oxidized to the P-ketoester 2.96
(Scheme 33). This substrate did not appear to be prone to elimination, and treatment of the 3-
ketoester with TBAF in THF provided the decarboxylated and deprotected alcohol 2.97. The
primary alcohol could be converted into the tosylate 2.98 in good yield with tosyl chloride,
triethylamine, and trimethylamine hydrochloride as catalyst.
Scheme 33. Synthesis of epoxide precursor via aldol-decarboxylation sequence.
1. i. LDA, THF, -78 C
ii. 2.95 84%
2. TPAP, NMO, 4A MS, 0<'
N CH2CI2 91% I OTIPS 
TBAF, THF
NOTMSE Nr 71%
Me 2.83 Me CO2TMSE 2.96
T s C l, E t3 N , " X ,
0 ~ Me3NHCI, 0
OH C1 2, 0 *OTs 1. acetonideN3 , deprotection
Me 2.97 Me 2.98 2. epoxide closure
3. silylation
- ~ 0 OTBS
Me
2.12
The alcohol 2.97 and tosylate 2.98 contain all of the carbon atoms of epoxide fragment
2.12 in the correct oxidation state. The remaining steps required to access the epoxide consist of
acetonide deprotection, displacement of the tosylate or another appropriate leaving group to
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obtain the terminal epoxide, and silyl protection. Two potential complications of this sequence
are (1) cyclization of the C1I hydroxyl group onto the ketone and (2) displacement of the leaving
group by the C13 hydroxyl group to form a tetrahydrofuran instead of an epoxide. With respect
to the latter point, although it is commonly assumed that the formation of three-membered rings
is quite slow in comparison to five-membered rings, this is not in fact a general phenomenon,
and depending on the type of reaction, k3/k5 may be either substantially greater or less than
unity. 97 Ring closure of the primary tosylate derived from threo-1,2,4-pentanetriol to give the
epoxide has been reported to take place with DBU.9" Furthermore, the preparation of epoxy
alcohol 2.40 under basic cyclization conditions also bodes well for the success of this
transformation.
Preliminary studies of the acetonide deprotection step indicate that the acetonide may be
removed without cyclization onto the ketone under acidic conditions, but that the tosylate is not
retained. The disappearance of tosylate may be connected to epoxide formation in a form of
anchimeric assistance, but so far we have been unable to detect and capture this intermediate.
Efforts to access epoxide 2.12 via nucleophilic dispacement are ongoing.
Conclusion
Nickel-catalyzed reductive coupling methodologies are an attractive fragment coupling
strategy for the synthesis of complex natural products. The formation of sensitive skipped diene
units in this context remains largely an unsolved problem for organic chemistry, but new and old
reactions for the rearrangement of vinylcyclopropanes present an intriguing avenue for
Stirling, C. J. M. J. Chem. Educ. 1973, 50, 844.
" (a) Barrett, A. G. M.; Sheth, H. G. J. Org. Chem. 1983, 48, 5017. For related studies, see: (b) Hartman, F. C.;
Barker, R. J. Org. Chem. 1964, 29, 873.
exploration. To facilitate future studies in this vein, we constructed a cyclopropyl enyne
corresponding to the C1-C9 carbons of ripostatin A in ten steps and up to 35% yield and
demonstrated its viability in a nickel-catalyzed coupling reaction. The lack of complete
regioselectivity in this transformation, coupled with other studies in our laboratory, highlights
that the factors governing selectivity in this reaction are perhaps more complex and more
substrate-dependent than initially anticipated.
We examined several strategies for synthesis of the C1O-C26 epoxide fragment,
including dithiane linchpin coupling, oxy-Michael addition to an enone, and iodocyclization
methods. Fluoride-promoted decarboxylation of TMSE esters was identified as a mild strategy
enabling simple aldol reactions for the construction of the C15-C16 bond. Allylation and
reductive decyanation of a lithiated cyanohydrin acetonide was used to set the C13 stereocenter.
Current efforts focus on the conversion of a partially protected ketone-containing triol into the
critical epoxide fragment for the reductive coupling.
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Experimental Section
General Information. Unless otherwise noted, all reactions were performed under an oxygen-
free atmosphere of argon with rigorous exclusion of moisture from reagents and glassware.
Dichloromethane and toluene were either distilled from calcium hydride or purified via a SG
Water USA solvent purification system. Tetrahydrofuran and diethyl ether were either distilled
from a blue solution of sodium benzophenone ketyl or purified via a SG Water solvent
purification system.
Analytical thin layer chromatography was performed using EM Science silica gel 60
F254 plates. The developed chromatogram was analyzed by UV lamp (254 nm) and ethanolic
phosphomolybdic acid (PMA), potassium permanganate (KMnO 4), cerium ammonium nitrate
(CAM), iodine, or vanillin. Liquid chromatography was performed using a forced flow (flash
chromatography) of the indicated solvent system on Silicycle silica gel (230-400 mesh).
'H and '3C spectra were recorded in CDC 3 on a Varian Inova 500 MHz spectrometer.
Chemical shifts in 'H NMR spectra are reported in parts per million (ppm) on the 8 scale from an
internal standard of residual chloroform (7.27 ppm). Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app = apparent, and br
= broad), coupling constants in hertz (Hz), and integration. Chemical shifts in 3 C NMR spectra
are reported in ppm from the central peak of CDC 3 (77.23 ppm). Infrared (IR) spectra were
recorded on a Perkin-Elmer 2000 FT-IR. High resolution mass spectra (HRMS) were obtained
on a Bruker Daltonics APEXII 3 Fourier Transform Mass Spectrometer by Ms. Li Li of the
Massachusetts Institute of Technology Department of Chemistry Instrumentation Facility, or on
a Waters Qtof API US instrument by Dr. Norman Lee of the Boston University Chemical
Instrumentation Center. Elemental analysis (EA) was performed by Atlantic Microlab, Inc.
Specific rotations ([a]D) were measured on a Jasco 1010 polarimeter at 589 nm where applicable,
and concentrations are reported in g/100 mL of the given solvent.
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2,2'-(1,3-Oxathiolane-2,2-diyl)diethanol (2.28): Using a procedure analogous to one reported
in the literature," to a solution of diethyl 1,3-acetonedicarboxylate (14.5 mL, 80.0 mmol, 1.0
equiv) in CH 2Cl2 (100 mL) was added 2-mercaptoethanol (9.8 mL, 140 mmol, 1.75 equiv) and
BF 3-OEt2 (12.3 mL, 100 mmol, 1.25 equiv). The reaction was stirred overnight at rt. The reaction
was diluted with Et2O (160 mL) and quenched with H20 (80 mL). The aqueous phase was
separated, and the organics were washed with saturated aq. NaHCO 3 (50 mL) followed by brine
(50 mL). The organic phase was then dried over MgSO 4, filtered, and concentrated in vacuo.
Silica gel chromatography (2:1 hexanes/EtOAc) afforded the protected diester as a colorless
liquid in greater than 90% purity, which was carried on to the next step (20.10 g).
A three-necked round bottom flask equipped with stir bar and addition funnel was
charged with LAH (5.82 g, 153 mmol, 2.0 equiv) and THF (300 mL). The reaction was cooled to
0 *C, and a solution of diester (20.10 g, 76.6 mmol, 1.0 equiv) in THF (50 mL) was added
dropwise with stirring. The addition funnel was replaced with a rubber septum, and the reaction
was allowed to stir for 4 h, gradually warming to rt. The reaction was quenched with H20 (6 mL,
vigorous hydrogen gas evolution), followed by 2M NaOH (6 mL), then H20 (15 mL). The
reaction was stirred an additional 30 min, then filtered through Celite, washing with EtOAc. The
filtrate was concentrated in vacuo. Silica gel chromatography (95:5 to 90:10 CH2Cl2/MeOH)
afforded the title compound (11.69 g, 82% over 2 steps), with 'H NMR data in agreement with
that reported in the literature. 9 'H NMR (500 MHz, CDCl 3 ): 8 4.18 (t, J = 5.9 Hz, 2H); 3.79 (t, J
= 5.8 Hz, 4H); 3.09 (t, J = 5.9 Hz, 2H); 3.03 (br, 2H); 2.15 (m, 4H). 13C NMR (125 MHz,
CDCl3 ): 6 97.0, 70.7, 59.4, 43.1, 33.9. IR (NaCl plate, thin film, cm-'): 3362, 2949, 2883, 1472,
1438, 1351, 1268, 1214, 1045, 912, 880, 733, 647. HRMS-ESI (m/z): [M - H]* calculated for
C7H 40 3S, 177.0580; found, 177.0580.
* From dimethyl 1,3-acetonedicarboxylate: Mohanty, S. S.; Uebelhart, P.; Eugster, C. H. Helv. Chim. Acta 2000, 83,
2036.
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(((1, 3 -Oxathiolane-2,2-diyl)bis(ethane-2,1-diyl))bis(oxy))bis(tert-butyldimethylsilane) (2.29):
Diol 2.28 (1.74 g, 9.76 mmol, 1.0 equiv) was dissolved in CH2Cl2 (100 mL). To this was added
imidazole (2.66 g, 39.0 mmol, 4.0 equiv), followed by TSBCl (2.94 g, 19.5 mmol, 2.0 equiv).
The solution became white and cloudy, and was stirred at rt overnight. After 16 h, the reaction
was quenched with saturated aq. NH 4Cl. The organic phase was washed twice with brine, then
dried with MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (90:10
hexanes/EtOAc) afforded the title compound as a colorless liquid (3.50 g, 88%). 1H NMR (500
MHz, CDCl3 ): 8 4.11 (t, J = 5.9 Hz, 2H); 3.77 (m, 4H); 3.01 (t, J = 5.9 Hz, 2H); 2.11 (m, 4H);
0.90 (s, 18H); 0.06 (s, 12H). "C NMR (125 MHz, CDCl 3 ): 6 95.5, 70.4, 60.2, 44.1, 33.9, 26.2,
18.5, -5.1. IR (NaCl plate, thin film, cm-): 2955, 2929, 2884, 2857, 1472, 1463, 1437, 1389,
1361, 1256, 1096, 1006, 939, 837, 775. HRMS-ESI (m/z): [M + Na]* calculated for,
C19H42O3SS2, 429.2285; found, 429.2294.
0
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2,2,3,3,11,11,12,12-Octamethyl-4,10-dioxa-3,11-disilatridecan-7-one (2.30): In a 200 mL
round bottom flask equipped with stir bar, compound 2.29 (2.84 g, 6.98 mmol, 1.0 equiv) in Et2O
(5 mL) was dissolved in 4:1 MeCN/H20 (50 mL). Calcium carbonate (1.40 g, 14.0 mmol, 2.0
equiv) was added, then HgCl 2 (4.17 g, 15.4 mmol, Caution: Toxic!), and the reaction was stirred
at rt for 4 h. The mixture was filtered through a pad of diatomaceous earth, washing with Et2O.
The filtrate was washed with saturated aq. NH 4Cl and extracted with Et2O. The combined
organics were dried over MgSO4, filtered, and concentrated in vacuo. Silica gel chromatography
(90:10 hexanes/EtOAc) afforded the title compound as a colorless liquid (2.15 g, 89%). 'H NMR
(500 MHz, CDCl3 ): 6 3.89 (t, J = 6.4 Hz, 4H); 2.66 (t, J = 6.4 Hz, 4H); 0.88 (s, 18H); 0.05 (s,
12H). 13C NMR (125 MHz, CDCl 3 ): 6 209.2, 58.9, 46.7, 26.1, 18.4, -5.2. IR (NaCl plate, thin
film, cm-1): 2956, 2930, 2885, 2858, 1716, 1472, 1464, 1389, 1361, 1256, 1102, 1006, 939, 836,
812, 777. HRMS-ESI (m/z): [M + Na]* calculated for C 7H38O3Si 2, 369.2252; found, 369.2247.
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2,2,3,3,11,11,12,12-Octamethyl-7-methylene-4,10-dioxa-3,11-disilatridecane (2.31): A flame-
dried 50 mL round bottom flask equipped with stir bar was charged with PbCl 2 (247 mg, 0.889
mmol, 1.0 equiv) and transferred to a glove box. Inside the box, Zn0 (349 mg, 5.33 mmol, 6.0
equiv) was added. Outside the box, under N2 , freshly distilled THF (18 mL) was added, followed
by CH 2Br 2 (187 [L, 2.67 mmol, 3.0 equiv). The reaction was cooled to 0 *C and TiCl4 (1.0 M in
DCM, 1.96 mL, 1.96 mmol, 2.0 equiv) was added. The color of the solution went from gray to
bright green to brown over several minutes. The ice bath was removed and the reaction stirred
for 10 minutes. Ketone 2.30 (308 mg, 0.889 mmol, 1.0 equiv) was added, upon which the
reaction became midnight blue in color. The mixture was stirred at rt for 14 h, then quenched
with saturated aq. NH 4Cl and extracted three times with Et2O. The combined organics were dried
with MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (95:5
hexanes/EtOAc) afforded the title compound as a pale yellow oil (251 mg, 82%). 'H NMR (500
MHz, CDC 3 ): 6 4.79 (s, 2H); 3.71 (t, J = 7.1 Hz, 4H); 2.26 (t, J = 7.1 Hz, 4H); 0.90 (s, 18H);
0.06 (s, 12H). 13C NMR (125 MHz, CDCl3): 6 144.1, 112.5, 62.5, 40.0, 26.2, 18.6, -5.1. IR
(NaCl plate, thin film, cm-1 ): 2956, 2929, 2896, 2858, 1646, 1472, 1463, 1388, 1361, 1256,
1101, 1006, 939, 893, 836, 812, 775. HRMS-ESI (m/z): [M + NH4]* calculated for Ci8H40O 2Si2,
362.2905; found, 362.2893.
0
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Ethyl 5-((tert-butyldimethyldilyl)oxy)-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)pent-2-enoate
(2.33): In a 100 mL flask with stir bar, n-BuLi (2.5 M in hexanes, 2.4 mL, 6.0 mmol, 1.5 equiv)
was added to a solution of diisopropylamine (841 [tL, 6.0 mmol, 1.5 equiv) in THF (30 mL) at 0
*C. The mixture was stirred 10 minutes, then cooled to -78 *C. Upon cooling, ethyl
trimethylsilylacetate (1.10 mL, 6.0 mmol, 1.5 equiv) was added. The reaction was stirred for 10
minutes at -78 *C, then ketone 2.30 (1.39 g, 4.0 mmol, 1.0 equiv) was added slowly in as a
solution in THF (10 mL). The reaction was stirred at -78 *C for 2.5 h, then at -30 *C for 30 min.
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The mixture was quenched with sat. aq. NH 4 Cl and extracted four times with EtOAc. The
combined organics were dried with MgSO 4 , filtered, and concentrated in vacuo. Silica gel
chromatography (95:5 hexanes/EtOAc) afforded the title compound (1.57 g, 94%). 'H NMR
(500 MHz, CDCl 3 ): 6 5.72 (s, 1H); 4.14 (q, J = 7.1 Hz, 2H); 3.78 (t, J = 6.6 Hz, 2H); 3.75 (t, J =
6.7 Hz, 2H); 2.85 (t, J = 6.6 Hz, 2H); 2.43 (td, J, = 6.7 Hz, Jd= 0.9 Hz, 2H); 1.27 (t, J= 7.1 Hz,
3H); 0.89 (s, 9H); 0.88 (s, 9H); 0.05 (s, 12H). 13C NMR (125 MHz, CDCl3 ): 6 166.4, 158.8,
118.3, 62.7, 61.6, 59.7, 42.9, 36.0, 26.1 (2 peaks), 18.5, 14.5, -5.1, -5.2. IR (NaCl plate, thin
film, cm-1): 2956, 2930, 2886, 2858, 1717, 1645, 1473, 1388, 1362, 1256, 1189, 1146, 1098,
1039, 1006, 939, 836, 812, 776. HRMS-ESI (m/z): [M + Na]* calculated for C2 1H40 4 Si 2 ,
439.2670; found, 439.2689.
OH
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5-((tert-Butyldimethylsilyl)oxy)-3-(2-((tert-butyldimethylsilyl)oxy)ethyl)pent-2-en-1-ol
(2.34): A solution of ester 2.33 (1.40 g, 3.36 mmol, 1.0 equiv) in CH2Cl2 (30 mL) was cooled to
-78 'C. To this, DIBAL-H (1.0 M in CH 2Cl2, 7.4 mL, 7.4 mmol, 2.2 equiv) was added dropwise.
The reaction was stirred for 5 h at -78 'C. Rochelle's salt was added to quench, and the mixture
was stirred for 45 minutes until phase separation occurred. The organic layer was separated, and
the aqueous layer extracted with EtOAc. The combined organics were dried with MgSO 4,
filtered, and concentrated in vacuo. Silica gel chromatography (80:20 hexanes/EtOAc) afforded
the title compound (1.15 g, 92%). 'H NMR (500 MHz, CDCl3): 6 5.73 (t, J = 7.3 Hz, 1H); 4.05
(dd, J = 5.8, 7.2 Hz, 2H); 3.70 (m, 4H); 2.45 (t, J = 5.8 Hz, 1H); 2.38 (t, J = 5.9 Hz, 2H); 2.26 (t,
J = 7.4 Hz, 1H); 0.90 (s, 9H); 0.89 (s, 9H); 0.07 (s, 6H); 0.05 (s, 6H). 13C NMR (125 MHz,
CDCl 3): 6 138.9, 128.2, 62.7, 61.1, 58.2, 39.8, 34.0, 26.2, 26.1, 18.5, -5.1, -5.3. IR (NaCl plate,
thin film, cm'): 3384, 2955, 2858, 1663, 1472, 1389, 1361, 1256, 1094, 1006, 921, 836, 812,
776, 664. HRMS-ESI (m/z): [M + Na]* calculated for C,9H42O3Si2, 397.2565; found, 397.2563.
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(2,2-bis(2-((tert-Butyldimethylsilyl)oxy)ethyl)cyclopropyl)methanol (2.35): To a solution of
allylic alcohol 2.34 (1.13 g, 3.01 mmol, 1.0 equiv) in CH2Cl2 (30 mL) at 0 *C was added diethyl
zinc (2.47 mL, 24.1 mmol, 8.0 equiv), followed by CH 212 (970 [tL, 12.0 mmol, 4.0 equiv). The
reaction was allowed to stir overnight, warming gradually to rt. The reaction was then quenched
with saturated aq. NH 4Cl, upon which gas evolution was observed. The aqueous phase was
separated and extracted with CH 2Cl 2, and the combined organics were washed with brine. The
combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (80:20 hexanes/EtOAc) afforded the title compound (1.08 g, 92%). 1H NMR
(500 MHz, CDCl3 ): 8 3.95 (td, Jt = 10.7 Hz, Jd = 3.6 Hz, 1H); 3.85 (m, 2H); 3.71 (m, 3H); 3.25
(app t, 1H); 2.02 (dddd, J = 1.4, 7.1, 7.1, 14.2 Hz, IH); 1.85 (dt, Jd = 15.1 Hz, J, = 3.4 Hz, 1H);
1.52 (ddd, J = 5.2, 10.8, 15.6 Hz, 1H); 1.05 (m, 2H); 0.94 (s, 9H); 0.89 (s, 9H); 0.53 (dd, J = 4.7,
8.7 Hz, 1H); 0.12 (s, 6H); 0.05 (s, 6H); 0.04 (m, 1H). 13C NMR (125 MHz, CDCl3): 6 62.9, 61.8,
61.4, 39.8, 32.7, 27.4, 26.3, 26.1, 19.1, 18.8, 18.5, 14.8, -5.1 (2 peaks), -5.2, -5.3. IR (NaCl
plate, thin film, cm-1): 3447, 3058, 2992, 2930, 2885, 2858, 1472, 1388, 1361, 1256, 1096, 1055,
1007, 938, 836, 775, 662. HRMS-ESI (m/z): [M + H]* calculated for C2 0H440 3 Si2 , 389.2902;
found, 389.2890.
0
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2,2-bis(2-((tert-Butyldimethylsilyl)oxy)ethyl)cyclopropanecarbaldehyde (2.36): To a solution
of cyclopropyl alcohol 2.35 (1.82 g, 4.68 mmol, 1.0 equiv) in 1:1 CH 2Cl 2/DMSO (20 mL) was
added triethylamine (2.61 mL, 18.7 mmol, 4.0 equiv). The mixture was cooled to 0 *C and
SO3-pyridine (1.49 g, 9.36 mmol, 2.0 equiv) was added. The cooling bath was removed and the
reaction stirred for 15 min at rt. The reaction was quenched at 0 *C with saturated aq. NH 4Cl and
extracted with CH 2C 2. The combined organics were dried with Na2S04, filtered, and
concentrated in vacuo. Silica gel chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the
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title compound (1.72 g, 95%). 'H NMR (500 MHz, CDCl 3): 8 9.42 (d, J= 5.1 Hz, 1H); 3.72 (t, J
= 6.5 Hz, 2H); 3.69 (m, 2H); 1.90 (dt, J = 14.5 Hz, J, = 6.2 Hz, 1H); 1.74 (m, 3H); 1.52 (dt, Jd =
14.2 Hz, J, = 6.7 Hz, 1H); 1.34 (t, J = 5.1 Hz, 1H); 1.12 (dd, J = 4.8, 8.0 Hz, 1H); 0.90 (s, 9H);
0.89 (s, 9H); 0.06 (s, 6H); 0.05 (s, 6H). 13C NMR (125 MHz, CDCl3): 6 201.1, 61.4, 60.9, 40.0,
35.1, 33.0, 29.9, 26.2, 26.1, 21.2, 18.4, -5.2 (2 peaks). IR (NaCl plate, thin film, cm-'): 2955,
2930, 2886, 2856, 2737, 1706, 1472, 1463, 1389, 1361, 1256, 1104, 1031, 1005, 836, 811, 776.
HRMS-ESI (m/z): [M - H]* calculated for C20H42O3Si2, 385.2589; found, 385.2582.
Me
TBSO OTBS
2.13
(E)-(((2-(Pent-1-en-3-yn-1-yl)cyclopropane-1,1-diyl)bis(ethane-2,1-diyl))bis(tert-
butyldimethylsilane) (2.13): In a glovebox, a flame-dried, 50 mL round bottomed flask was
charged with CrCl2 (1.68 g, 13.7 mmol, 9.0 equiv). The flask was removed from the glovebox
and placed under Ar(g) atmosphere, and freshly distilled THF (10 mL) was added. The flask was
cooled to 0 *C and a solution of cyclopropyl aldehyde 2.36 (588 mg, 1.52 mmol, 1.0 equiv) and
iodoform (1.80 g, 4.56 mmol, 3.0 equiv) in freshly distilled THF (14 mL) was added. The
reaction changed in color from green to a reddish brown. The reaction was stirred overnight in
the dark, gradually warming to rt. After 19 h, the reaction was quenched with water, upon which
the color returned to green, and an extraction was performed with CH 2 Cl2. The combined
organics were dried over MgSO4, filtered, and concentrated in vacuo. Silica gel chromatography
(hexanes to 95:5 hexanes/EtOAc) afforded the corresponding vinyl iodide (616 mg, 79%, 17:1
E/Z). The vinyl iodide is prone to E/Z isomerization and should be used directly, although
storage for a period of several days in the refrigerator may be possible.
To a solution of vinyl iodide (405 mg, 0.794 mmol, 1.0 equiv) in THF (8 mL) was added
diisopropylamine (0.56 mL, 4.0 mmol, 5.0 equiv), copper(I) iodide (15 mg, 0.079 mmol, 10 mol
%), and tetrakis(triphenylphosphine)palladium(0) (46 mg, 0.040 mmol, 5 mol %). The mixture
was cooled to -30 'C and condensed propyne (~ 0.8 mL) was added. The reaction was stirred at
-30 *C for 27 h, and then quenched with saturated aq. NH4Cl. The organic phase was separated,
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and the aqueous phase extracted with CH 2Cl2. The combined organics were dried over MgSO4,
filtered, and concentrated in vacuo. Silica gel chromatography (97.5:2.5 hexanes/EtOAc)
afforded the title compound as an orange oil (308 mg, 92%, 15:1 E/Z). 'H NMR (500 MHz,
CDCl3): 8 5.83 (dd, J= 9.1, 15.6 Hz, 1H); 5.49 (dq, Jd= 15.6 Hz, Jq = 2.3 Hz, 1H); 3.69 (app td,
4H); 1.93 (d, J = 2.3 Hz, 1H); 1.56 (m, 3H); 1.45 (m, 1H); 1.35 (ddd, J = 5.4, 8.7, 8.7 Hz, 1H);
0.90 (s, 9H); 0.89 (s, 9H); 0.80 (dd, J = 4.8, 8.4 Hz, 1H); 0.50 (t, J = 5.1 Hz, 1H); 0.06 (m, 1H);
0.06 (s, 6H); 0.05 (s, 6H). 13C NMR (125 MHz, CDCl 3 ): 8 143.4, 109.5, 84.6, 78.8, 61.7, 61.3,
40.7, 27.2, 26.2 (2 peaks), 23.9, 20.9, 18.5, -5.1 (2 peaks). IR (NaCl plate, thin film, cm-'): 2955,
2929, 2886, 2858, 1627, 1472, 1463, 1388, 1361, 1256, 1100, 1028, 1006, 949, 836, 812, 775,
661. HRMS-ESI (m/z): [M + H]* calculated for C2 4H40 2 S 2 , 423.3019; found, 423.3111.
0
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3-((4-Methoxybenzyl)oxy)propanal (2.37): As reported in the literature,'" to a solution of 1,3-
propanediol (60.12 g, 790.1 mmol, 5.0 equiv) in DMF (50 mL) at 0 *C was added sodium
hydride (60% dispersion in mineral oil, 6.32 g, 158 mmol, 1.0 equiv). The mixture was stirred
for 30 min at 0 *C, and a solution of PMBCl (21.4 mL, 158 mmol, 1.0 equiv) in DMF (40 mL)
was then added. The reaction was stirred overnight, gradually warming from 0 *C to rt. The
reaction mixture was quenched with saturated aq. NH 4 C1 and extracted with EtOAc. The organic
phase was washed with brine, dried over Na2SO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (80:20 to 1:1 hexanes/EtOAc) afforded the mono-PMB-protected diol (20.56 g,
66%), which was carried forward to the next step.
To a solution of the mono-PMB-protected diol (20.56 g, 104.8 mmol, 1.0 equiv) in
CH2 Cl2 (52 mL) at 0 *C was added triethylamine (73.0 mL, 524 mmol, 5.0 equiv), DMSO (52
mL), and SO3-pyridine (50.0 g, 314 mmol, 3.0 equiv). After stirring for 1.5 h at 0 *C, the reaction
was quenched with pH 7 phosphate buffer solution (0.5 M, 800 mL). The aqueous phase was
extracted with Et2O (2 x 400 mL), then EtOAc (2 x 400 mL). The organics were washed once
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. Silica gel chromatography
" Hayashi, Y.; Yamaguchi, H.; Toyoshima, M.; Okado, K.; Toyo, T.; Shoji, M. Org. Lett. 2008, 10, 1405.
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(80:20 to 2:1 hexanes/EtOAc) afforded the title compound (14.37 g, 71%), with spectroscopic
data in agreement with literature values.' i
OH
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(R)-1-((4-Methoxybenzyl)oxy)hex-5-en-3-ol (2.38): In a glove box, two ampules of (+)-
Ipc 2B(allyl) solution (IM in pentane, 50 mL, 50.0 mmol, 1.1 equiv) were transferred to a flame-
dried IL round bottom flask equipped with stir bar. The flask was capped with a rubber septum,
sealed with electrical tape, and removed from the glove box. Under an Ar(g) atmosphere, Et2 O
(200 mL) was added. The flask was cooled to approximately -90 *C (liquid nitrogen/MeOH
bath). To this was added a solution of aldehyde 2.37 (8.74 g, 45.0 mmol, 1.0 equiv) in Et2O (200
mL) via cannula. The reaction mixture was stirred for 1 h at -90 *C following addition, after
which time 3M NaOH (20 mL) and aq. H20 2 (10 mL) were added. The flask was equipped with
a reflux condenser and heated at 35 *C for 2 h. The reaction mixture was allowed to return to rt,
and water (400 mL) was added. The organic phase was separated, and the aqueous phase
extracted with Et2O (2 x 400 mL). The combined organics were dried over MgSO 4, filtered, and
concentrated in vacuo. Silica gel chromatography (80:20 to 2:1 hexanes/EtOAc) afforded the
title compound as a colorless liquid (9.45 g, 89%, 89% ee), with spectroscopic data in agreement
with literature values. 0 2 1H NMR (500 MHz, CDCl3 ): 8 7.26 (d, J = 8.5 Hz, 2H); 6.88 (d, J = 8.7
Hz, 2H); 5.84 (dddd, J = 7.1, 7.1, 10.3, 17.3 Hz, 1H); 5.10 (m, 2H); 4.46 (s, 2H); 3.87 (m, 1H);
3.81 (s, 3H); 3.70 (dt, Jd = 9.3 Hz, Jt = 5.3 Hz, 1H); 3.62 (m, 1H); 2.93 (d, J = 2.8 Hz, 1H); 2.25
(m, 2H); 1.76 (m, 2H). 13 C NMR (125 MHz, CDCl3 ): 8 159.4, 135.1, 129.5, 117.7, 114.0, 73.2,
70.7, 68.9, 55.5, 42.1, 36.0. IR (NaCl plate, thin film, cm'): 3439, 3075, 3001, 2936, 2862,
1641, 1613, 1586, 1514, 1465, 1442, 1364, 1303, 1249, 1174, 1091, 1035, 915, 822, 757, 733.
[a]D= +4.6 (c = 0.60, CHC 3, 23 *C). Enantiomeric excess was established by HPLC analysis
(Chiracel OD-H, 1.0 mL/min, 99.0:1.0 hexanes/i-PrOH (t = 0.0 to 10.0 min) to 98.5:1.5
hexanes/i-PrOH (t = 10.0 min to 25.0 min), tR[minor] = 22.8 min, tR[major] = 23.9 min).
101 Arikan, F.; Li, J.; Menche, D. Org. Lett. 2008, 10, 3521.
102 Rajesh, K.; Suresh, V.; Selvam, J. J. P.; Rao, C. B.; Venkateswarlu, Y. Helv. Chim. Acta 2009, 92, 1866.
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(R)-tert-Butyl (1-((4-methoxybenzyl)oxy)hex-5-en-3-yl carbonate (2.39): NaHMDS (6.02 g,
32.8 mmol, 1.3 equiv) was dissolved in THF (33 mL). In a separate flask, alcohol 2.38 (5.97 g,
25.3 mmol, 1.0 equiv) was dissolved in THF (75 mL) and cooled to 0 *C, to which the solution
of NaHMDS was added via cannula. The mixture was stirred for 30 min at 0 *C. Boc anhydride
(7.55 mL, 32.8 mmol, 1.3 equiv) was added. The cooling bath was removed and the reaction
stirred 30 min, warming to rt. The reaction was quenched with brine and extracted with 1:1
hexanes/Et2O. The combined organics were dried over MgSO 4, filtered, and concentrated in
vacuo. Silica gel chromatography (90:10 hexanes/EtOAc) afforded the title compound as a
colorless oil (7.09 g, 83%), with 1H NMR data in agreement with literature values.10 3 1H NMR
(500 MHz, CDC 3 ): 8 7.27 (d, J= 8.4 Hz, 2H); 6.88 (d, J = 8.4 Hz, 2H); 5.79 (dddd, J= 7.1, 7.1,
10.2, 17.2 Hz, 1H); 5.09 (m, 2H); 4.89 (pentet, J = 6.3 Hz, 1H); 4.42 (s, 2H); 3.81 (s, 3H); 3.50
(m, 2H); 2.37 (t, J = 6.8 Hz, 2H); 1.91 (d, J = 6.6 Hz, 1H); 1.87 (d, J = 6.6 Hz, 1H); 1.48 (s, 9H).
13 C NMR (125 MHz, CDCl3): 8 159.3, 153.4, 133.6, 130.6, 129.5, 118.2, 114.0, 82.0, 74.1, 73.0,
66.4, 55.5, 39.2, 34.1, 28.0. IR (NaCl plate, thin film, cm-'): 2980, 2935, 2863, 1737, 1643,
1614, 1587, 1514, 1459, 1368, 1279, 1171, 1095, 1037, 920, 822, 755. EA: Calculated for
C 19H280 5: C, 67.83; H, 8.39. Found: C, 67.87; H, 8.37. [a = -27.0 (c = 1.11, CHC 3, 24 *C).
OH
PMBO
2.40
(S)-4-((4-Methoxybenxyl)oxy)-1-((S)-oxiran-2-yl)butan-2-ol (2.40): A round bottom flask
equipped with stir bar and addition funnel was charged with carbonate 2.39 (2.02 g, 6.0 mmol,
1.0 equiv) and toluene (30 mL). The flask was cooled to -78 *C. A solution of IBr (1.0 M in
CH2Cl2, 1.86 g, 9.0 mmol, 1.5 equiv) was added dropwise, and the reaction was stirred for 2 h
following addition. The reaction was quenched with 1:1 saturated aq. NaHCO3/Na 2S2O 3 (100
10 Ref. 102 reports [a]D = 1.9 (c = 1, CHCl 3, 25 C), raising the concern that our sample may be contaminated with
trace amounts of a highly optically active impurity. However, the observation of a positive optical rotation by
Venkateswarlu is surprising given the report in ref. 63 of a negative optical rotation (albeit one of lesser magnitude)
for the naphthyl (rather than PMB) analog. Moreover, the literature and observed optical rotation values re-converge
at the epoxy alcohol.
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mL) and extracted three times with Et2O. The combined organics were dried over MgSO 4,
filtered, and concentrated in vacuo. Silica gel chromatography (1:1 hexanes/EtOAc) afforded the
iodocarbonate (1.96 g, 80%).
lodocarbonate (1.95 g, 4.8 mmol, 1.0 equiv) was dissolved in MeOH (32 mL) and cooled
to 0 *C. Potassium carbonate (1.99 g, 14.4 mmol, 3.0 equiv) was added, and the reaction was
stirred overnight, gradually warming to rt. The reaction was quenched with water and extracted
with CH 2Cl2. The combined organics were dried over MgSO 4, filtered, and concentrated in
vacuo. Silica gel chromatography (1:1 hexanes/EtOAc) afforded the title compound (670 mg,
55%, > 20:1 d.r.), with spectroscopic data in agreement with that reported in the literature. 0 2 'H
NMR (500 MHz, CDCl3): 8 7.25 (d, J = 8.7 Hz, 2H); 6.88 (d, J = 8.7 Hz, 2H); 4.46 (s, 2H); 4.06
(dddd, J = 3.0,4.4,7.5, 8.9 Hz, 1H); 3.81 (s, 3H); 3.71 (ddd, J = 4.5, 5.7, 9.4 Hz, 1H); 3.64 (ddd,
J = 4.2, 8.4, 9.4 Hz, 1H); 3.24 (br, 1H); 3.10 (m, 1H); 2.77 (m, 1H); 2.51 (dd, J = 2.7, 5.0 Hz,
1H); 1.85 (m, 1H); 1.75 (m, 2H); 1.67 (m, 1H). 13C NMR (125 MHz, CDCl3 ): 6 159.5, 130.1,
114.0, 73.2, 69.8, 68.8, 55.5, 50.2, 46.8, 40.0, 36.5. IR (NaCl plate, thin film, cm): 3457, 3045,
2998, 2938, 2863, 1613, 1586, 1514, 1465, 1442, 1421, 1362, 1303, 1249, 1175, 1092, 1034,
914,824,734. [a]D =+4.7 (c = 0.82, CHC 3, 24 *C).
OTBS
PMBO
2.41
tert-Butyl(((S)-4-((4-methoxybenzyl)oxy)--((S)-oxiran-2-yl)butan-2-yl)oxy)dimethylsilane
(2.41): To a solution of epoxy alcohol 2.40 (1.15 g, 4.55 mmol, 1.0 equiv) in THF (40 mL) was
added pyridine (1.84 mL, 22.8 mmol, 5.0 equiv) and silver(I) nitrate (1.16 g, 6.82 mmol, 1.5
equiv). The mixture was stirred for 10 min at rt, and then TBSCl (1.20 g, 7.96 mmol, 1.75 equiv)
was added. The reaction was stirred overnight, then filtered to remove the precipitated silver
chloride. The filtrate was poured into H20 (100 mL) and extracted with Et2O. The combined
organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography
(90:10 to 80:20 hexanes/EtOAc) afforded the title compound as a colorless oil (1.19 g, 71%). 'H
NMR (500 MHz, CDCl3 ): 8 7.26 (d, J= 8.6 Hz, 2H); 6.88 (d, J= 8.6 Hz, 2H); 4.45 (d, J= 11.4
Hz, 1H); 4.39 (d, J= 11.4 Hz, 1H); 4.07 (dq, J = 5.4 Hz, J = 6.7 Hz, 1H); 3.81 (s, 3H); 3.53 (m,
2H); 3.05 (m, 1H); 2.75 (m, 1H); 2.44 (dd, J = 2.7, 5.1 Hz, 1H); 1.86 (m, 2H); 1.68 (t, J = 5.6
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Hz, 2H); 0.89 (s, 9H); 0.07 (s, 3H); 0.06 (s, 3H). 13C NMR (125 MHz, CDC 3): 5 159.3, 130.8,
129.5, 114.0, 72.9, 67.6, 66.8, 55.5, 49.5, 47.0, 40.6, 37.3, 26.0, 18.2, -4.3, -4.5. IR (NaCl plate,
thin film, cm-): 3042, 2997, 2954, 2929, 2857, 1613, 1587, 1514, 1472, 1464, 1361, 1302, 1250,
1173, 1096, 1039, 1006, 837, 776. EA: Calculated for C20H340 4Si: C, 65.53; H, 9.35. Found: C,
65.62; H, 9.36. [a]D = -14.4 (c = 1.45, CHC 3, 23 *C).
TBSO OTBS OTBS
TBSO OH Me
PMBO T H PMBO - OTBS
2.42 2.43
Reductive coupling products (2.42 and 2.43): To a 10 mL round bottom flask containing stir
bar, enyne 2.13 (137.5 mg, 0.325 mmol, 1.6 equiv), and epoxide 2.41 (74.5 mg, 0.203 mmol, 1.0
equiv) in the glove box were added Ni(cod)2 (11.7 mg, 0.043 mmol, 20 mol %) and
tributylphosphine (21 tL, 0.085 mmol, 40 mol %). Outside the glove box, under Ar(g),
triethylborane (123 RL, 0.852 mmol, 4.0 equiv) was added. The reaction was stirred for 72 h at
rt, then diluted with EtOAc (1 mL) and stirred open to the air for several hours. The reaction
mixture was concentrated in vacuo. Silica gel chromatography (95:5 to 90:10 to 80:20
hexanes/EtOAc) afforded as a mixture of the desired reductive coupling product and its
regioisomer (117.9 mg, 73%, 3:1). Further chromatography (85:15 hexanes/EtOAc) provided a
clean sample of the major (desired) regioisomer 2.42 for analysis.
Major regioisomer (2.42): 1H NMR (500 MHz, CDCl3): 7.25 (d, J = 8.6 Hz, 2H); 6.88 (d, J = 8.6
Hz, 2H); 6.33 (dd, J = 11.0, 14.8 Hz, 1H); 5.86 (d, J= 11.1 Hz, 1H); 5.41 (dd, J= 9.1, 14.8 Hz,
1H); 4.44 (d, J= 11.5 Hz, 1H); 4.40 (d, J= 11.5 Hz, 1H); 4.07 (pentet, J= 6.1 Hz, 1H); 3.88 (m,
1H); 3.82 (s, 3H); 3.71 (m, 4H); 3.51 (t, J = 6.7 Hz, 2H); 2.15 (d, J = 6.6 Hz, 2H); 2.63-2.58 (two
d, J = 1.8 Hz, 1H); 1.83 (m, 2H); 1.76 (s, 3H); 1.62-1.44 (m, 4H); 1.35 (m, 1H); 0.90 (2 singlets,
18H); 0.89 (s, 9H); 0.77 (dd, J = 5.1, 8.1 Hz, 1H); 0.45 (m, 1H); 0.10 (s, 3H); 0.09 (s, 3H); 0.06
(buried, 1H); 0.06 (s, 6H); 0.05 (s, 6H). 13C NMR (125 MHz, CDCl3 ): 159.3, 133.2, 132.0, 130.7,
129.5, 128.1, 126.7, 113.7, 72.9, 69.6, 67.8, 66.7, 61.8, 61.4, 55.5, 48.7, 43.8, 40.8, 37.6, 34.8,
27.2, 26.2 (2 peaks), 26.1, 23.2 (2 peaks), 20.6, 18.5 (2 peaks), 18.2, 17.0, -4.2, -4.3, -5.0, -5.1
(2 peaks). IR (NaCl plate, thin film, cm-1): 3451, 2929, 2857, 1613, 1514, 1472, 1361, 1251,
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1173, 1098, 836, 775, 663. HRMS-ESI (m/z): [M + H]* calculated for C44H 2O6 Si3 , 813.5317;
found, 813.5310. [aD = -2.5 (c = 0.28, CHCl3, 24 *C).
Minor regioisomer (2.43): 'H NMR (500 MHz, CDCl3, diagnostic peaks): 6.42 (dd, J = 6.7, 15.7
Hz, 1H); 5.53 (dd, J= 8.7, 15.9 Hz, 1H); 5.33 (app q, 1H).
SOH
Me
2.58
3-Methyl-1-phenylbut-3-en-2-ol (2.58): A solution of 2-bromopropene (5.77 mL, 65.0 mmol,
1.3 equiv) was dissolved in THF (160 mL) and cooled to -78 *C. To this was added n-
butyllithium (titrated, 2.34 M in hexanes, 32.1 mL, 75.0 mmol, 1.5 equiv) slowly via syringe.
The mixture was stirred for 15 min at -78 *C. Phenylacetaldehyde (90%, 6.50 mL, 50.0 mmol,
1.0 equiv) was added as a solution in THF (80 mL) via cannula. The reaction was stirred for an
additional 30 min at -78 *C, then moved to an ice bath at 0 *C and promptly quenched with 1:1
saturated aq. NH4Cl/H20, then extracted with EtOAc. The combined organics were dried over
MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (90:10 to 85:15
hexanes/EtOAc) afforded the title compound as a yellow liquid (6.73 g, 83%), with
spectroscopic data in agreement with literature values.'04 'H NMR (500 MHz, CDCl 3): 8 7.33 (m,
2H); 7.25 (m, 3H); 4.97 (m, J = 0.9 Hz, 1H); 4.88 (m, J = 1.5 Hz, 1H); 4.30 (m, 1H); 2.93 (dd, J
= 4.4, 13.7 Hz, 1H); 2.78 (dd, J = 8.7, 13.7, 1H); 1.83 (s, 3H); 1.64 (d, J = 3.4, 1H). 13 C NMR
(125 MHz, CDCl3): 6 146.9, 138.5, 129.5, 128.6, 126.7, 111.5, 76.7, 42.3, 18.3. IR (NaCl plate,
thin film, cm-): 3412, 3064, 3029, 2921, 1709, 1650, 1604, 1496, 1454, 1373, 1080, 1030, 904,
736, 699. HRMS-ESI (m/z): [M - H]* calculated for C 1H140, 161.0961; found, 161.0965.
0 OMe
Me 2.59
(E)-Methyl 4-methyl-6-phenylhex-4-enoate (2.59): Alcohol 2.58 (8.97 g, 55.3 mmol, 1.0
equiv), trimethyl orthoacetate (28.1 mL, 221 mmol, 4.0 equiv), and propionic acid (206 [L, 2.77
4 Zhao, J.-F.; Loh, T.-P. Angew. Chem. Int. Ed. 2009,48,7232.
158
mmol, 0.05 equiv) were combined, and the mixture was distributed evenly into four 20 mL
Biotage microwave vials. Each vial was irradiated at 170 *C for 30 min with stirring using a
Biotage Initiator Eight microwave reactor. The contents of all four vials were combined and
concentrated in vacuo. Silica gel chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the
title compound as a pale yellow liquid (9.40 g, 78%). 'H NMR (500 MHz, CDCl3): 6 7.29 (m,
2H); 7.18 (m, 3H); 5.39 (tq, Jt = 7.4 Hz, Jq = 1.3 Hz, 1H); 3.65 (s, 3H); 3.36 (d, J = 7.3 Hz, 2H);
2.47 (m, 2H); 2.38 (app t, 2H); 1.74 (s, 3H). 3C NMR (125 MHz, CDCl3 ): 6 174.0, 141.6, 134.7,
128.6, 128.5, 126.0, 124.1, 51.7, 34.9, 34.4, 33.1, 16.3. IR (NaCI plate, thin film, cm-'): 3062,
3027, 2951, 1740, 1603, 1494, 1436, 1347, 1295, 1258, 1196, 1162, 1090, 1072, 1030, 865, 742,
699. HRMS-ESI (m/z): [M + Na]* calculated for C 4HI802, 241.1199; found, 241.1201.
OH
Me 2.60
(E)-4-Methyl-6-phenylhex-4-en-1-ol (2.60): A solution of methyl ester 2.59 (9.25 g, 42.4 mmol,
1.0 equiv) in THF (200 mL) was cooled to 0 *C. Lithium aluminum hydride (1.61 g, 42.4 mmol,
1.0 equiv) was added in small portions over a period of 15 minutes, and the reaction was stirred
for 3 h, gradually warming to rt. The reaction was carefully quenched with water (1.6 mL), then
2M NaOH (1.6 mL), then water (4.8 mL), and stirred for 30 min. The mixture was filtered
through Celite, washing with Et2O. The filtrate was concentrated in vacuo. Silica gel
chromatography (80:20 hexanes/EtOAc) afforded the title compound as a colorless liquid (7.45
g, 92%), with spectroscopic data in agreement with literature values.105 'H NMR (500 MHz,
CDCl3 ): 6 7.29 (m, 2H); 7.19 (m, 3H); 5.40 (tq, Jt = 7.3 Hz, Jq = 1.1 Hz, 1H); 3.66 (app q, 2H);
3.37 (d, J = 7.3 Hz, 2H); 2.14 (t, J = 7.5 Hz, 2H); 1.75 (s, 3H); 1.73 (m, 2H). '3C NMR (125
MHz, CDCl3 ): 6 141.8, 136.0, 128.6, 128.5, 126.0, 123.7, 63.0, 36.2, 34.4, 31.0, 16.3. IR (NaCl
plate, thin film, cm-'): 3323, 3084, 3062, 3027, 2939, 2876, 1603, 1494, 1452, 1382, 1057, 916,
742, 698. HRMS-ESI (m/z): [M - H]* calculated for C13HisO, 189.1274; found, 189.1276.
's Guthrie, A. E.; Semple, J. E.; Joullid, M. M. J. Org. Chem. 1982,47,2369.
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N 0
H
Me 2.61
(E)-4-Methyl-6-phenylhex-4-enal (2.61): To a solution of alcohol 2.60 (1.35 g, 7.10 mmol, 1.0
equiv) in CH2Cl2 (35 mL) was added NaHCO 3 (1.79 g, 21.3 mmol, 3.0 equiv), then Dess-Martin
periodinane (3.31 g, 7.80 mmol, 1.1 equiv). The reaction was stirred at rt for 3 h, then quenched
with the addition of 1:1 saturated aq. NaHCO 3/Na 2S2O3 (40 mL). The organic phase was
separated, and the aqueous phase extracted with EtOAc. The combined organics were dried over
MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (90:10 hexanes/EtOAc)
afforded the title compound as a pale yellow liquid (999 mg, 75%), with spectroscopic data in
agreement with literature values.144 'H NMR (500 MHz, CDCl3): 8 9.78 (t, J= 1.8 Hz, 1H); 7.29
(m, 2H); 7.17 (m, 3H); 5.39 (tq, J, = 7.3 Hz, Jq = 1.3 Hz, 1H); 3.37 (d, J = 7.3 Hz, 2H); 2.58
(app td, 2H); 2.39 (t, J = 7.5 Hz, 2H); 1.75 (s, 3H). 13C NMR (125 MHz, CDCl3): 8 202.6, 141.4,
134.4, 128.6, 128.5, 126.1, 124.3, 42.3, 34.4, 32.0, 16.5. IR (NaCl plate, thin film, cm-'): 3084,
3062, 3027, 2914, 2828,2722, 1725,1603,1494,1453,1410,1388,1074,1030,743,699.
S S
Me 2.55
(E)-2-(3-Methyl-5-phenylpent-3-en-1-yl)-1,3-dithiane (2.55): To a solution of aldehyde 2.61
(565 mg, 3.00 mmol, 1.0 equiv) in CH2Cl2 (20 mL) was added 1,3-propanedithiol (602 tL, 6.00
mmol, 2.0 equiv). BF 3-OEt2 (370 .tL, 3.00 mmol, 1.0 equiv) was added slowly, and the reaction
was stirred for 2 h at rt. The reaction was then quenched with 10 wt % aq. NaOH (50 mL) and
extracted with Et2O. The combined organics were dried over Na 2SO 4, filtered, and concentrated
in vacuo. Silica gel chromatography (95:5 hexanes/EtOAc) afforded the title compound as a pale
yellow oil (501 mg, 60%). 'H NMR (500 MHz, CDCl 3): 8 7.29 (m, 2H); 7.19 (m, 3H); 5.43 (tq,
Jt = 7.4 Hz, J = 1.3 Hz, 1H); 3.99 (t, J = 6.9 Hz, 1H); 3.37 (d, J = 7.4 Hz, 2H); 2.83 (m, 2H);
2.82 (d, J = 3.7 Hz, 2H); 2.26 (app t, 2H); 2.11 (m, 1H); 1.88 (m, 3H); 1.73 (s, 3H). 13C NMR
(125 MHz, CDCl3): 8 141.8, 134.8, 128.6, 128.5, 126.0, 124.5, 47.1, 36.5, 34.4, 33.9, 30.6, 26.3,
16.2. IR (NaCl plate, thin film, cm-'): 3060, 3025, 2899, 2853, 1603, 1493, 1452, 1422, 1384,
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1275, 1242, 1180, 1072, 1029, 908, 866, 742, 699. HRMS-ESI (m/z): [M + H]* calculated for
C16H22S2, 279.1241; found, 279.1241.
H
S YN CF3
N Me2 CF3
2.64
1-(3,5-Bis(trifluoromethyl)phenyl)-3-((1R,2R)-2-(dimethylamino)cyclohexyl)thiourea (2.64):
As reported in the literature,106 to a solution of 3,5-bis(trifluoromethyl)phenyl isothiocyanate
(183 pL, 1.00 mmol, 1.0 equiv) in THF (1 mL) was added (RR)-N,N-dimethyl-trans-
diaminocyclohexane 0 7 (142 mg, 1.00 mmol, 1.0 equiv). The reaction was stirred at rt overnight
and then concentrated in vacuo. Silica gel chromatography (100:5:1 CHCl3/MeOH/Et3N)
afforded the title compound as a white amorphous solid (300 mg, 72% yield), with spectroscopic
data in agreement with literature values.
L, OPMB
2.68
(S)-2-(((4-Methoxybenzyl)oxy)methyl)oxirane (2.68): To a suspension of NaH (60%
dispersion in mineral oil, 2.40 g, 60.0 mmol, 2.0 equiv) in DMF (250 mL) at 0 *C was added (R)-
glycidol (2.22 g, 30.0 mmol, 1.0 equiv). The reaction was stirred for 30 min at 0 *C, then 30 min
at rt. Tetrabutylammonium iodide (5.54 g, 15.0 mmol, 0.50 equiv) was added, followed by
PMBC1 (8.54 mL, 63.0 mmol, 2.1 equiv). The reaction was stirred at rt overnight, then quenched
with saturated aq. NH4 C1 (100 mL) and extracted with Et2O (4 x 150 mL). The combined
organics were dried over Na2SO 4, filtered, and concentrated in vacuo. Silica gel chromatography
(6:1 to 4:1 hexanes/EtOAc) afforded the title compound (4.55 g, 78%), with spectroscopic data
in agreement with literature values.108
6 Okino, T.; Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003,125, 12672.
7 (a) Kaik, M.; Gawronski, J. Tetrahedron: Asymmetry 2003, 14, 1559. A simplified synthesis avoiding preparation
of this intermediate now exists: (b) Berkessel, A.; Seelig, B. Synthesis 2009, 2113.
108 Nicolaou, K. C.; Fylaktakidou, K. C.; Monenschein, H.; Li, Y.; Weyerhausen, B.; Mitchell, H. J.; Wei, H.-X.;
Guntupalli, P.; Hepworth, D.; Sugita, K. J. Am. Chem. Soc. 2003, 125, 15433.
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2.66
(S)-tert-Butyl((1-((4-methoxybenzyl)oxy)pent-4-yn-2-yl)oxy)dimethylsilane (2.66): In a glove
box, a round bottom flask equipped with stir bar was charged with lithium acetylide-EDA (90%,
1.53 g, 15.0 mmol, 1.5 equiv). Outside the box under an Ar(g) atmosphere, THF (10 mL) was
added, and the mixture cooled to 0 *C. DMSO (10 mL) was added, then epoxide 2.68 (1.94 g,
10.0 mmol, 1.0 equiv). The reaction was stirred at 0-5 *C for 4 h, then quenched with water,
then saturated aq. NH 4Cl. The aqueous phase was extracted with Et2 O, and the organics were
washed with saturated aq. NaHCO 3, then water. The combined organics were dried over MgSO 4,
filtered, and concentrated in vacuo. Silica gel chromatography (4:1 to 2:1 hexanes/EtOAc)
afforded the alkynyl alcohol (1.85 g, 84% yield), which was carried on to the next step.
To a solution of alkynyl alcohol (1.85 g, 8.40 mmol, 1.0 equiv) in CH2Cl2 (42 mL) at 0
*C was added 2,6-lutidine (1.08 mL, 9.24 mmol, 1.1 equiv), followed by TBSOTf (2.12 mL,
9.24 mmol). The reaction was stirred for 2.5 h, gradually warming to rt. The reaction was
quenched with saturated aq. NH 4 Cl (50 mL) and extracted with EtOAc. The combined organics
were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (90:10
hexanes/EtOAc) afforded the title compound (2.77 g, 99% yield). 'H NMR (500 MHz, CDCl 3): 8
7.26 (d, J = 8.7 Hz, 2H); 6.88 (d, J = 8.7 Hz, 2H); 4.48 (s, 2H); 3.97 (m, 1H); 3.82 (s, 3H); 3.49
(dd, J = 5.4, 9.7 Hz, 1H); 3.45 (dd, J = 5.4, 9. 7 Hz, 1H); 2.48 (ddd, J = 2.7, 5.9, 16.7 Hz, 1H);
2.36 (ddd, J = 2.7, 6.0, 16.7 Hz, 1H); 1.96 (t, J = 2.7 Hz, 1H); 0.89 (s, 9H); 0.10 (s, 3H); 0.08 (s,
3H). 3C NMR (125 MHz, CDCl3 ): 8 159.3, 130.6, 129.4, 113.9, 81.7, 73.5, 73.3, 70.5, 70.0,
55.5, 26.0, 24.9, 18.4, -4.4, -4.5. IR (NaCl plate, thin film, cm-'): 3311, 2954, 2930, 2857, 1613,
1514, 1464, 1362, 1302, 1249, 1173, 1124, 1038, 1007, 837, 778. HRMS-ESI (m/z): [M + Na]*
calculated for C19H30O 3Si, 357.1862; found, 357.1872. [aD = -1.0 (c = 0.41, CHC 3,24 *C).
0 OTBS
OPMB
Me 2.69
(S,2E,7E)-10-((tert-Butyldimethylsilyl)oxy)-11-((4-methoxybenzyl)oxy)-3-methyl-1-
phenylundeca-2,7-dien-6-one (2.69): To a solution of alkyne 2.66 (1.22 g, 3.64 mmol, 1.0
162
equiv) in CH 2Cl2 (30 mL) at 0 'C was added Schwartz's reagent, Cp2Zr(H)Cl (1.03 g, 4.01
mmol, 1.1 equiv) in several portions. The reaction was stirred for an additional 10 min after all of
the solid had dissolved. The resulting yellow solution was cooled to -60 *C, and Me 2Zn (2.0 M
in toluene, 2.09 mL, 4.19 mmol, 1.15 equiv) was added. The reaction mixture was stirred for 10
min at -60 *C, then moved to a cryocool bath at 0 *C. To this was added a solution of aldehyde
2.61 (823 mg, 4.37 mmol, 1.2 equiv) in CH2Cl2 (6 mL) via cannula over 15 min. The reaction
was stirred at 0 *C overnight, then quenched with saturated aq. NaHCO 3 and extracted four times
with Et2O. The combined organics were dried over MgSO 4, filtered, and concentrated in vacuo.
Silica gel chromatography (80:20 hexanes/EtOAc) afforded the allylic alcohol (1.60 g, 84%).
To a solution of allylic alcohol (1.64 g, 3.12 mmol) in CH 2Cl2 (31 mL) at 0 *C was added
Dess-Martin periodinane (1.59 g, 3.75 mmol, 1.2 equiv). The reaction was stirred overnight,
gradually warming to rt. The reaction was quenched with 1:1 saturated aq. NaHCO3/Na2S2O3 and
extracted with EtOAc. The combined organics were dried over MgSO 4 , filtered, and
concentrated in vacuo. Silica gel chromatography (85:15 to 80:20 hexanes/EtOAc) afforded the
title compound (1.24 g, 76%). 'H NMR (500 MHz, CDCl 3 ): 6 7.29 (m, 2H); 7.24 (d, J = 8.7 Hz,
2H); 7.18 (m, 3H); 6.88 (d, J = 8.7 Hz, 2H); 6.84 (dt, Jd = 15.9 Hz, Jt = 7.5 Hz, 1H); 6.11 (d, J =
15.9 Hz, 1H); 5.36 (tq, Jt = 7.3 Hz, Jq = 1.3 Hz, 1H); 4.46 (d, J= 11.6 Hz, 1H); 4.43 (d, J= 11.6
Hz, 1H); 3.94 (m, 1H); 3.81 (s, 3H); 3.39 (dd, J= 5.3, 9.5 Hz, 1H); 3.36 (d, J= 7.3 Hz, 2H); 3.31
(dd, J = 6.3, 9.5 Hz, 1H); 2.65 (m, 2H); 2.49 (m, 1H); 2.36 (m, 3H); 1.74 (s, 3H); 0.87 (s, 9H);
0.04 (2 singlets, 6H). 13C NMR (125 MHz, CDCl3 ): 8 200.1, 159.4, 143.9, 135.2, 132.6, 130.4,
129.5, 128.6, 128.5, 126.0, 123.6, 113.9, 73.9, 73.2, 70.6, 55.4, 38.7, 38.2, 34.4,34.0,26.0, 18.3,
16.5, -4.3, -4.6. IR (NaCl plate, thin film, cm-'): 3028, 2929, 2857, 1697, 1673, 1613, 1514,
1463,1362, 1302, 1250, 1173, 1101,1036, 910, 836,777,734,699. HRMS-ESI (m/z): [M + H]*
calculated for C3 2 H4,O 4 Si, 523.3244; found, 523.3245. [a]D= -7.6 (c = 0.85, CHC 3, 24 0C).
N 0 OTBS B
OPMB
Me 2.70
(8R,1OS,E)-8,10-Bis((tert-butyldimethylsilyl)oxy)-11-((4-methoxybenzyl)oxy)-3-methyl-1-
phenylundec-2-en-6-one (2.70): To MeOH (20 mL) at 0 *C was added HCl (200 [LL). The
mixture was stirred for 10 min, then a solution of enone 2.69 (1.05 g, 2.0 mmol, 1.0 equiv) in
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THF (5 mL) was added. The reaction was stirred at 0 *C overnight, the quenched with saturated
aq. NaHCO 3 (20 mL) and extracted with EtOAc (4 x 25 mL). The combined organics were dried
over MgSO 4 , filtered, and concentrated in vacuo. Silica gel chromatography (2:1 to 1:1
hexanes/EtOAc) afforded the alcohol as a colorless oil (560 mg, 68% yield), which was carried
forward using one of two procedures.
Procedure A: To a solution of alcohol (102.1 mg, 0.25 mmol, 1.0 equiv), phenylboronic acid
(38.1 mg, 0.31 mmol, 1.25 equiv), and powdered, dried 4A molecular sieves (250 mg) in toluene
(2.5 mL) was added organocatalyst 2.64 (20.7 mg, 0.05 mmol, 20 mol %). The reaction was
heated to 50 'C and stirred. After 48 h, the reaction was allowed to cool to rt, and was diluted
with EtOAc (4 mL). A mixture of aq. H20 2 (150 tL) and saturated aq. K2C0 3 (1.5 mL) was
added, and the reaction stirred for 15 min. To this was then added 5:1 saturated aq.
NaHCO 3/Na 2S2O 3 (6 mL). The reaction was extracted five times with EtOAc, then three times
with CH2Cl2 . The combined organics were dried over Na 2 SO 4, filtered, and concentrated in
vacuo. Silica gel chromatography (1:1 hexanes/EtOAc) afforded the syn diol (18.6 mg, 17%),
along with recovered starting material (56.9 mg, 56%).
Procedure B: To a solution of alcohol (336 mg, 0.82 mmol, 1.0 equiv), phenylboronic acid (125
mg, 1.03 mmol, 1.25 equiv), and powdered, dried 4A molecular sieves (850 mg) in toluene (8
mL) was added diisopropylamine (23 [tL, 0.16 mmol, 20 mol %). The reaction was heated to 50
C and stirred. After 48 h, the reaction was allowed to cool to rt, and was diluted with EtOAc (10
mL). A mixture of aq. H2 0 2 (0.5 mL) and saturated aq. Na 2 CO3 (5 mL) was added, and the
reaction stirred for 15 min. To this was then added 5:1 saturated aq. NaHCO3/Na2S2O 3 (12 mL).
The reaction was extracted five times with EtOAc, then twice with CH 2 Cl2. The combined
organics were dried over Na2SO4, filtered, and concentrated in vacuo. Silica gel chromatography
(1:1 to 1:2 hexanes/EtOAc) afforded the syn diol (80.1 mg, 23%), along with the anti
diastereomer (62.3 mg, 17%).
To a solution of the syn diol (54.5 mg, 0.128 mmol, 1.0 equiv) in CH 2Cl2 (2.4 mL) at 0
*C was added 2,6-lutidine (36 ptL, 0.31 mmol, 2.4 equiv), then TBSOTf (65 tL, 0.28 mmol, 2.2
equiv). The reaction was stirred overnight, gradually warming to rt. The reaction was quenched
with saturated aq. NaHCO3 , then extracted with CH2Cl2 (4 x 20 mL). The combined organics
were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (95:5 to
90:10 hexanes/EtOAc) afforded the title compound (41.7 mg, 50%). 'H NMR (500 MHz,
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CDCl 3): 6 7.29 (m, 2H); 7.26 (d, J = 8.7 Hz, 2H); 7.17 (m, 3H); 6.88 (d, J = 8.7 Hz, 2H); 5.35
(tq, Jt = 7.3 Hz, Jq = 1.3 Hz, 1H); 4.45 (s, 2H); 4.33 (m, 1H); 3.86 (m, 1H); 3.81 (s, 3H); 3.36 (m,
4H); 2.57 (m, 4H); 2.29 (app t, 2H); 1.72 (s, 3H); 1.68 (m, 2H); 0.89 (s, 9H); 0.85 (s, 9H); 0.07
(s, 3H); 0.05 (2 singlets, 6H); 0.02 (s, 3H). 13C NMR (125 MHz, CDCl3): 6 209.5, 159.3, 141.6,
135.2, 130.7, 129.4, 128.6, 128.5, 126.0, 123.6, 113.9, 79.8, 73.1, 69.0, 66.8, 55.5, 50.1, 43.6,
43.1, 34.4,33.2,26.1, 26.0, 18.3, 18.1, 16.5, -4.3, -4.5, -4.6 (2 peaks). IR (NaCi plate, thin film,
cm-'): 3028, 2954, 2929, 2856, 1716, 1613, 1587, 1514, 1495, 1472, 1361, 1303, 1250, 1173,
1100, 1039, 1006, 910, 837, 777, 736, 698. HRMS-ESI (m/z): [M + H]* calculated for
C38H20 5Si 2, 677.4034; found, 677.4023. [a]D = -13.7 (c = 2.4, CHC13, 23 0 C).
S O
S N Me
2.76
(S)-1-(4-tert-Butyl)-2-thioxothiazolidin-3-yl)ethanone (2.76): In a 1L round bottom flask
equipped with reflux condenser, dry ice condenser, Ar(g) inlet, and outlet to an aqueous bleach
trap, L-tert-leucinol (10.0 g, 85.3 mmol, 1.0 equiv) was dissolved in aq. KOH (5M, 400 mL). To
this was added CS2 (41.1 mL, 683 mmol, 8.0 equiv). The reaction was heated to 110 C (bath
temperature) for 12 h and allowed to cool to rt overnight. The addition of CS2 (41.1 mL, 683
mmol, 8.0 equiv), heating, and cooling was repeated two more times. The reaction was then
extracted with CH 2Cl 2 (3 x 400 mL). The combined organics were dried over MgSO 4, filtered,
and concentrated in vacuo. Silica gel chromatography (90:10 CH 2Cl2/MeOH) afforded (4S)-tert-
butyl-thiazolidine-2-thione as a white solid (7.44 g, 50%).
To a solution of (4S)-tert-butyl-thiazolidine-2-thione (7.08 g, 40.4 mmol, 1.0 equiv) in
THF (200 mL) at -78 'C was added n-BuLi (2.5 M in hexanes, 17.8 mL, 44.4 mmol, 1.1 equiv)
dropwise. The mixture was stirred for 30 min at -78 *C, and then acetyl chloride (3.16 mL, 44.4
mmol, 1.1 equiv) was added. The reaction was stirred for 4 h at -78 *C, then warmed to rt and
stirred for an additional 30 min. The reaction was then cooled to 0 *C and quenched with
saturated aq. NH 4Cl. The organic phase was separated, and the aqueous phase was further
extracted twice with CH 2C 2. The combined organics were dried over MgSO4 , filtered, and
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concentrated in vacuo. Silica gel chromatography (1:1 hexanes/CH 2Cl2) afforded the title
compound as a yellow oil (7.63 g, 87%), with spectroscopic data in agreement with literature
values."
0
H
2.77
But-3-enal (2.77): Octa-1,7-diene-4,5-diol'" (853 mg, 6.0 mmol, 1.0 equiv) was dissolved in a
1:1 mixture of CH2Cl2 and aqueous pH = 4 phosphate buffer (12 mL). The mixture was cooled to
0 0C, and NaIO 4 was added (1.28 g, 6.0 mmol, 1.0 equiv). The reaction was transferred to a stir
plate in a 4 *C refrigerator and stirred vigorously overnight. After 16 h, the organic phase was
separated and washed with sat. aq. Na 2 SO 3, then brine The aqueous phase was extracted once
with a minimum volume of CH 2Cl2 . The organics were dried over MgSO 4 and filtered. A 'H
NMR spectrum was taken of the CH 2Cl2 solution to confirm that diol cleavage proceeded to
>95% conversion. The solution was used immediately in the subsequent aldol reaction. 'H NMR
(500 MHz, CDCl3 ): 8 9.71 (t, J = 1.9 Hz, 1H); 5.93 (ddt, J,= 6.9 Hz, J = 10.3, 17.2 Hz, 1H);
5.30 (partially obscured by CH2Cl2 , 1H); 5.23 (dq, Jq = 1.5 Hz, J = 17.2 Hz, 1H); 3.21 (dm,Jd =
6.9 Hz, 2H).
S 0 OTBS
S AN
2.78
(R)-1-((S)-4-(tert-Butyl)-2-thioxothiazolidin-3-yl)-3-((tert-butyldimethylsily)oxy)hex-5-en-1-
one (2.78): To a solution of thiazolidinethione 2.76 (908 mg, 4.18 mmol, 1.0 equiv) in CH2Cl2
(21 mL) at rt was added dichlorophenylborane (650 tL, 5.01 mmol, 1.2 equiv). The orange
solution was stirred for 10 min, then (-)-sparteine (2.30 mL, 10.0 mmol, 2.4 equiv) was added.
The reaction was stirred for 30 min at rt, then cooled to -78 *C. A cold solution of but-3-enal
(2.77) in CH2Cl2 (ca. 6.0 mmol, 1.4 equiv) was added via cannula. The reaction was stirred for 4
h at -78 *C, warmed to rt over 1 h, and stirred 30 min at rt. The reaction was diluted with
109 Crimmins, M. T.; Choy, A. L. J. Am. Chem. Soc. 1999,121,5653.
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hexanes (30 mL), then quenched with aq. H20 2 (30%, 20 mL). The reaction was diluted with 4:1
hexanes/CH 2Cl2 (400 mL), and the organics were washed with water, followed by brine. The
organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography
(5:1 CH2Cl2/hexanes to CH 2Cl2) afforded the aldol adduct as a yellow oil (604 mg, 50%).
To a solution of aldol adduct (287 mg, 1.0 mmol, 1.0 equiv) in CH 2Cl2 (10 mL) at 0 'C
was added 2,6-lutidine (128 tL, 1.1 mmol, 1.1 equiv), followed by TBSOTf (253 [tL, 1.1 mmol,
1.1 equiv). The reaction was stirred for 5 h, gradually warming to rt. The reaction was quenched
with brine and extracted three times with CH2Cl2 . The combined organics were dried over
MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (90:10 hexanes/EtOAc)
afforded the title compound as a yellow oil (316 mg, 79%). 1H NMR (500 MHz, CDCl3): 6 5.83
(m, 1H); 5.31 (dd, J = 0.7, 8.3 Hz, 1H); 5.07 (app dd); 4.32 (pentet, J = 5.7 Hz, 1H); 3.54 (dd, J
= 5.5, 17.4 Hz, 1H); 3.50 (dd, J= 8.3, 11.8 Hz, 1H); 3.34 (dd, J= 6.4, 17.4 Hz, 1H); 3.10 (dd, J
= 0.7, 11.8 Hz, 1H); 2.28 (m, 2H); 1.04 (s, 9H); 0.88 (s, 9H); 0.09 (s, 3H); 0.07 (s, 3H). 13C NMR
(125 MHz, CDCl 3): 6 205.0, 171.1, 134.7, 117.8, 72.4, 68.5, 45.4, 42.4, 38.1, 30.6, 27.1, 26.1,
18.2, -4.3, -4.4. IR (NaCl plate, thin film, cm-'): 2958, 2930, 2857, 1700, 1472, 1370, 1318,
1254, 1158, 1136, 1090, 911, 837, 777, 735. HRMS-ESI (m/z): [M + Na]* calculated for
C,9H35NO 2S2Si, 424.1771; found 424.1782. [a]D = +229.0 (c = 0.925, CHCl3, 24 C).
0 OTBS
Me
2.74
(R)-4-((tert-Butyldimethylsilyl)oxy)hept-6-en-2-one (2.74): In a 5 mL Biotage microwave vial
equipped with stir bar, a solution of thiazolidinethione 2.78 (214.8 mg, 0.53 mmol, 1.0 equiv)
was dissolved in CH 2Cl2 (3.5 mL). To this was added imidazole (54.6 mg, 0.80 mmol, 1.5
equiv), followed by N,O-dimethylhydroxylamine hydrochloride (62.6 mg, 0.64 mmol, 1.2
equiv). The vial was sealed and irradiated to 100 *C with stirring for 15 min using a Biotage
Initiator Eight microwave reactor. The vial was opened, and the reaction was diluted with water
and extracted with CH 2 Cl2- Silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) afforded
the Weinreb amide (91.2 mg, 59%).
To a solution of Weinreb amide (86.2 mg, 0.30 mmol) in Et2O (3.0 mL) at 0 *C was
added methylmagnesium chloride (3.0 M in THF, 0.30 mL, 9.0 mmol, 3.0 equiv) dropwise. The
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reaction was stirred 1h at 0 *C, then quenched with saturated aq. NH 4 C1 and extracted with Et2O.
The combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (90:10 hexanes/EtOAc) afforded the title compound (56.2 mg, 77%) as a
colorless oil. 'H NMR (500 MHz, CDCl3): 5.80 (dddd, J = 7.1, 7.3, 10.7, 16.7 Hz, 1H); 5.06 (m,
2H); 4.24 (m, 1H); 2.60 (dd, J= 7.3, 15.5 Hz, 1H); 2.49 (dd, J= 5.0, 15.5 Hz, 1H); 2.25 (m, 2H);
2.16 (s, 3H); 0.87 (s, 9H); 0.08 (s, 3H); 0.04 (s, 3H). 13C NMR (125 MHz, CDCl3): 208.2, 134.5,
117.9, 68.7, 50.5, 42.4, 32.0, 26.0, -4.3, -4.6. IR (NaCl plate, thin film, cm'): 2957, 2930, 2857,
1718, 1473, 1361, 1167, 1093, 1006, 915, 837, 777. HRMS-ESI (m/z): [M + Na]* calculated for
C13H2 6O2 Si, 265.1600; found, 265.1602. [a]D= -3 6.8 (c = 0.19, CHC13, 24 *C).
Br
Me
2.73
(E)-(4-Bromo-3-methylbut-2-en-1-yl)benzene (2.73): To a solution of triphenylphosphine
(1.97 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (50 mL) at 0 *C was added carbon tetrabromide (2.49 g,
7.5 mmol, 1.5 equiv). To this, (E)-2-methyl-4-phenyl-but-2-en-1-ol (2.75)8 (811 mg, 5.0 mmol,
1.0 equiv) in CH 2Cl 2 (50 mL) was added dropwise. The reaction was stirred for 1 h at 0 *C, then
quenched with saturated aq. NaHCO 3. The organic phase was separated, and the aqueous phase
extracted twice with hexanes. The combined organics were dried over MgSO 4, filtered, and
concentrated in vacuo. The residue was triturated with hexanes and filtered. The filtrate was
concentrated in vacuo. Silica gel chromatography (hexanes to 95:5 hexanes/EtOAc) afforded the
title compound (515 mg, 46%, 17:1 E:Z). 'H NMR (500 MHz, CDCl3): 7.31 (m, 2H); 7.22 (m,
1H); 7.18 (m, 2H); 5.81 (tq, Jt = 7.4 Hz, Jq= 0.7 Hz, 1H); 4.02 (s, 2H); 3.41 (d, J = 7.4 Hz, 2H);
1.90 (s, 3H). 13C NMR (125 MHz, CDC 3 ): 140.3, 133.1, 129.9, 128.8, 128.5, 126.4, 41.5, 34.7,
15.1. IR (NaCl plate, thin film, cm-): 3084, 3062, 3027, 2918, 1659, 1603, 1494, 1453, 1434,
1387, 1205, 1144,1075,1029,1003,904,783,742,671.
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(R)-3-((tert-Butyldimethylsilyl)oxy)hex-5-enal (2.81): To a solution of thiazolidinethione 2.78
(184.6 mg, 0.46 mmol, 1.0 equiv) in CH 2 Cl2 (5.0 mL) at -78 'C, DIBAL-H (1.0 M in CH2 Cl2,
0.51 mL, 0.51 mmol, 1.1 equiv) was added dropwise. The reaction was stirred for 40 min at -78
*C. A second, equivalent portion of DIBAL-H was added and the reaction stirred for an
additional 10 min at -78 *C. The reaction was quenched with the addition of MeOH, followed by
saturated aq. Rochelle's salt solution. The organic phase was separated, and the aqueous phase
extracted with CH2Cl2 . The combined organics were dried over MgSO4, filtered, and
concentrated in vacuo. Silica gel chromatography (95:5 hexanes/EtOAc) afforded the title
compound (67.1 mg, 64%). 'H NMR (500 MHz, CDCl3 ): 9.81 (t, J = 2.4 Hz, 1H); 5.79 (dddd, J
= 7.2, 7.2, 10.4, 17.6, 1H); 5.09 (m, 2H); 4.27 (pentet, J = 5.9 Hz, 1H); 2.54 (m, 2H); 2.32 (m,
2H); 0.88 (s, 9H); 0.09 (s, 3H); 0.07 (s, 3H). 13C NMR (125 MHz, CDCl3): 202.4, 134.0, 118.4,
67.9, 50.6, 42.5, 26.0, 18.2, -4.2, -4.6. IR (NaC1 plate, thin film, cm-1): 2957, 2930, 2897, 2858,
1728, 1473, 1464, 1362, 1257, 1101, 1038, 1005, 917, 837, 777. HRMS-ESI (m/z): [M + Na]*
calculated for C12H24 0 2 Si, 251.1438; found, 251.1444. [aD = -10.2 (c = 0.42, CHC 3, 24 *C).
N 0 
TBS
Me CO2Me
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(5R)-Methyl 5-((tert-butyldimethylsilyl)oxy)-2-((E)-2-methyl-4-phenylbut-2-en-1-yl)-3-
oxooct-7-enoate (2.80): To a solution of methyl ester 2.59 (240.1 mg, 1.1 mmol, 1.1 equiv) in
THF (11 mL) at -78 *C was added LDA (1.8 M in heptanes/THF, 0.61 mL, 1.1 mmol, 1.1
equiv). The mixture was stirred 30 min, and a solution of aldehyde 2.81 (229.0 mg, 1.0 mmol,
1.0 equiv) in THF (2 mL) was added. The reaction was stirred for 2 h at -78 *C, then was
removed from its cooling bath and immediately quenched with saturated aq. NH4Cl. Water was
added to dissolve the resulting salts, and the aqueous phase was extracted with Et2 O. The
combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (95:5 to 90:10 to 80:20 hexanes/EtOAc) afforded the aldol adduct (385.1 mg,
86%) as a mixture of diastereomers, which was carried forward to the next step.
169
To a solution of aldol adduct (385.1 mg, 0.86 mmol, 1.0 equiv) in CH2Cl2 (4.3 mL) was
added 4A molecular sieves (43 mg), followed by NMO (202.0 mg, 1.72 mmol, 2.0 equiv), then
TPAP (30.3 mg, 0.086 mmol, 10 mol %). The reaction was stirred for 2 h at rt, then filtered
through a pad of silica, washing with CH 2C12. The filtrate was concentrated in vacuo. Silica gel
chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the title compound as an undefined
mixture of diastereomers at the central carbon of the p-ketoester (257.9 mg, 67%). 'H NMR (500
MHz, CDCl 3): 7.27 (m, 2H); 7.18 (m, 1H); 7.13 (m, 2H); 5.77 (m, 1H); 5.39 (t, J = 7.4 Hz, 1H);
5.05 (m, 2H); 4.28-4.13 (two multiplets, 1H); 3.68 (m, 1H); 3.63 (two singlets, 3H); 3.33 (m,
2H); 2.69 (app ddd, 1H); 2.56 (m, 3H); 2.23 (m, 2H); 1.73 (s, 3H); 0.86 (s, 9H); 0.07 (app d,
3H); 0.03-0.02 (two singlets, 3H). 13C NMR (125 MHz, CDCl3): 203.3, 203.1, 170.0, 168.0,
141.2, 134.5, 134.2, 132.3, 128.6, 128.4 (2 peaks), 126.1 (2 peaks), 126.0, 122.6, 118.0, 117.9,
6 8
.1, 6 7 .7 , 59.1, 58.5, 5 2 .4 (2 peaks), 49.0, 48.5, 42.1, 42.0, 37.8, 37.6, 34.4, 26.0 (2 peaks), 18.2
(2 peaks), 16.3, 16.2, -4.4 (2 peaks), -4.6 (2 peaks). IR (NaCl plate, thin film, cm-'): 2954,2930,
2857, 1746, 1718, 1642, 1495, 1436, 1361, 1255, 1162, 1077, 1004, 915, 837, 811, 777, 735,
698. [aID = -23.1 (c = 0.595, CHC 3, 24 *C).
N0 
0
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(E)-2-(Trimethylsilyl)ethyl 4-methyl-6-phenylhex-4-enoate (2.83): Methyl ester 2.59 (3.37 g,
15.4 mmol, 1.0 equiv) and 2-(trimethylsilyl)ethanol (17.7 mL, 123 mmol, 8.0 equiv) were
dissolved in DME (20 mL) in a 100 mL round bottom flask equipped with stir bar and reflux
condenser. To this was added Ti(Oi-Pr)4 (1.14 mL, 3.85 mmol, 0.25 equiv) in one portion. The
reaction was heated to 120 'C in an oil bath for 48 hours. After this time, the mixture was
allowed to cool to rt, then was quenched with saturated aq. NH 4Cl and extracted with pentane.
The combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (95:5 hexanes/EtOAc) afforded the title compound as a colorless liquid (3.79 g,
81%). 'H NMR (500 MHz, CDCl 3): 8 7.28 (m, 2H); 7.18 (m, 3H); 5.39 (tq, J, = 7.3 Hz, J = 1.3
Hz, 1H); 4.14 (m, 2H); 3.36 (d, J = 7.3 Hz, 2H); 2.44 (m, 2H); 2.37 (m, 2H); 1.74 (s, 3H); 0.96
(m, 2H); 0.04 (s, 9H). 13C NMR (125 MHz, CDCl3): 8 173.7, 141.6, 134.8, 128.6, 128.5, 126.0,
124.0, 62.7, 34.9, 34.3, 33.5, 17.5, 16.4, 1.3. IR (NaCl plate, thin film, cm): 3028, 2954, 1734,
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1604, 1494,1453, 1383, 1344, 1250, 1161,1062,939,860,838,742,698. HRMS-ESI (m/z): [M
+ Na]* calculated for C18H28O2Si, 327.1751; found, 327.1744.
N 
0 OH
Me 2.82
(R,E)-4-Hydroxy-9-methyl-11-phenylundeca-1,9-dien-6-one (2.82): To a solution of TMSE
ester 2.83 (1.61 g, 5.30 mmol, 1.1 equiv) in THF (53 mL) at -78 *C was added LDA (1.8 M in
heptanes/THF, 2.94 mL, 5.30 mmol, 1.1 equiv). The mixture was stirred 30 min, and a solution
of aldehyde 2.81 (1.10 g, 4.82 mmol, 1.0 equiv) in THF (10 mL) was added. The reaction was
stirred for 2 h at -78 *C, then was removed from its cooling bath and immediately quenched with
saturated aq. NH 4C1. Water was added to dissolve the resulting salts, and the aqueous phase was
extracted with Et2O. The combined organics were dried over MgSO 4, filtered, and concentrated
in vacuo. Silica gel chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the aldol adduct
(1.874 g, 86%) as a mixture of diastereomers, which was carried forward to the next step.
To a solution of aldol adduct (1.874 g, 3.62 mmol, 1.0 equiv) in CH2Cl2 (11 mL) was
added 4A molecular sieves (1.81 g), followed by NMO (848 mg, 7.24 mmol, 2.0 equiv), then
TPAP (63.6 mg, 0.18 mmol, 5 mol %). The reaction was stirred for 2 h at rt, then filtered through
a pad of silica, washing with CH 2Cl2, then EtOAc. The filtrate was concentrated in vacuo. Silica
gel chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the p-ketoester (1.214 g, 65%).
To a solution of 1-ketoester (734.8 mg, 1.42 mmol, 1.0 equiv) in THF (14 mL) at 0 *C
was added TBAF (1.0 M in THF, 3.56 mL, 3.56 mmol, 2.5 equiv). The reaction was stirred
overnight, warming to rt, then was quenched with brine. The aqueous phase was extracted twice
with Et2O, then twice with EtOAc. The combined organics were dried over Na2SO 4, filtered, and
concentrated in vacuo. Silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) afforded the
title compound (197.9 mg, 51%). 'H NMR (500 MHz, CDCl3): 7.29 (m, 2H); 7.18 (m, 3H); 5.81
(m, 1H); 5.34 (t, J = 7.3 Hz, 1H); 5.12 (m, 2H); 4.10 (m, 1H); 3.35 (d, J = 7.4 Hz, 2H); 2.99 (d, J
= 3.1 Hz, 1H); 2.62 (dd, J = 3.0, 17.5 Hz, 1H); 2.58 (app t, 2H); 2.53 (dd, J = 9.0, 17.5 Hz, 1H);
2.33 (app t, 2H); 2.24 (m, 2H); 1.73 (s, 3H). 13C NMR (125 MHz, CDC 3): 211.7, 141.5, 134.4,
128.6, 128.5, 126.0, 124.1, 118.2, 67.2, 48.5, 42.3, 41.1, 34.4, 33.4, 16.5. IR (NaCl plate, thin
film, cm-'): 3447, 3063, 3027, 2977, 2917, 1709, 1641, 1603, 1494, 1453, 1435, 1408, 1384,
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1049, 998, 917, 742, 699. HRMS-ESI (m/z): [M + Na]* calculated for C1 H240 2 , 295.1674;
found, 295.1668. [olD = -20.9 (c = 0.41, CHCl3, 24 *C).
N 
0 OBoc
Me 2.72
(R,E)-tert-Butyl (9-methyl-6-oxo-11-phenylundeca-1,9-dien-4-yl) carbonate (2.72): To a
solution of compound 2.82 (40.1 mg, 0.147 mmol, 1.0 equiv) in CH2Cl2 at 0 *C were added
pyridine (59 tL, 0.74 mmol, 5.0 equiv), DMAP (4.5 mg, 0.037 mmol, 25 mol %), and di-tert-
butyl dicarbonate (68 tL, 0.29 mmol, 2.0 equiv). The reaction was stirred overnight, gradually
warming to rt, then quenched with saturated aq. NaHCO 3 and extracted three times with CH 2C12-
The combined organics were washed with saturated aq. NH 4Cl, then dried over MgSO4, filtered,
and concentrated in vacuo. Silica gel chromatography (90:10 to 80:20 hexanes/EtOAc) afforded
the title compound as a colorless oil (25.5 mg, 47%). 'H NMR (500 MHz, CDCl3): 7.29 (m, 2H);
7.17 (m, 3H); 5.76 (m, 1H); 5.34 (tq, Jt = 7.3 Hz, Jq = 1.3 Hz, 1H); 5.14 (m, 1H); 5.10 (m, 2H);
3.35 (d, J = 7.3 Hz, 2H); 2.77 (dd, J = 7.4, 16.8 Hz, 1H); 2.62 (dd, J = 5.4, 16.7 Hz, 1H); 2.55
(m, 2H); 2.38 (app t, 2H); 2.30 (t, J = 7.7 Hz, 2H); 1.72 (s, 3H); 1.47 (s, 9H). 13C NMR (125
MHz, CDC 3): 207.2, 153.0, 141.6, 134.8, 133.1, 128.6, 128.5, 126.0, 123.9, 118.8, 82.4, 72.3,
46.3, 42.1, 38.7, 34.4, 33.3, 28.0, 16.5. IR (NaCl plate, thin film, cm'): 3082, 3063, 3027, 2980,
2933, 1739, 1643, 1604, 1495, 1453, 1369, 1279, 1163, 1092, 1039, 994, 917, 839, 792, 735,
699. HRMS-ESI (m/z): [M + Na]* calculated for C23H 3 20 4 , 395.2198; found, 395.2206. [a]D =
-5.5 (c = 0.835, CHC 3, 24 C).
0 OH
MeO OMe
0
2.88
(S)-Dimethyl 2-hydroxysuccinate (2.88): To a 2 L flask charged with stir bar and anhydrous
methanol (500 mL) was added acetyl chloride (22.4 mL, 315 mmol, 0.6 equiv) dropwise. The
resultant solution was stirred for 10 min at rt, then (S)-malic acid (70.55 g, 526 mmol) was
added. The reaction was stirred overnight at rt, then concentrated in vacuo. Silica gel
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chromatography (96:4 CH 2Cl2/MeOH) afforded the title compound as a pale yellow oil (80.57 g,
94%), with spectroscopic data in agreement with literature values."
0 OH
MeO OH
2.89
(S)-Methyl-3,4-dihydroxybutanoate (2.89): As reported in the literature, 95 to a solution of
diester 2.88 (31.72 g, 195.6 mmol, 1.00 equiv) in THF (375 mL) was added borane-dimethyl
sulfide (19.0 mL, 200 mmol, 1.02 equiv). The reaction was stirred at room temperature for 30
min. Sodium borohydride (378 mg, 10.0 mmol, 0.05 equiv) was added, and the reaction stirred
for an additional 30 min, followed by the addition of MeOH (anhydrous, 125 mL). Following 30
min of continued stirring, the reaction mixture was concentrated in vacuo. The concentrate was
purified by silica gel chromatography (EtOAc) to afford the title compound as a colorless oil
(20.19 g, 77% yield), with spectroscopic data in agreement with literature values. 110
O OH
MeO 
OTIPS
S2.1
(S)-Methyl 3-hydroxy-4-((triisopropylsilyl)oxy)butanoate (S2.1): As reported in the
literature,"' diol 2.89 (9.85 g, 73.4 mmol, 1.0 equiv) was dissolved in CH 2Cl 2 (350 mL) and
cooled to 0 *C. To this was added 2,6-lutidine (9.4 mL, 80.8 mmol, 1.1 equiv), followed by TIPS
triflate (20.7 mL, 77.1 mmol, 1.05 equiv). The reaction was stirred 1 h at 0 *C. The reaction was
quenched with saturated aq. NH 4Cl, and the aqueous layer was extracted with CH2Cl2 . The
combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (85:15 hexanes/EtOAc) afforded the title compound (16.64 g, 78%). 'H NMR
(500 MHz, CDCl 3 ): 8 4.12 (m, 1H); 3.73 (dd, J = 4.9, 9.8 Hz, 1H); 3.72 (s, 3H); 3.67 (dd, J =
5.9, 9.8 Hz, 1H); 2.9 (d, J = 4.8 Hz, 1H); 2.58 (dd, J = 5.0, 16.0 Hz, 1H); 2.53 (dd, J = 7.7, 16.0
Hz, 1H); 1.07 (m, 21H). 3C NMR (125 MHz, CDC 3 ): 8 172.7, 68.9, 66.6, 52.0, 38.1, 18.1, 12.1.
IR (NaCl plate, thin film, cm'): 3482, 2945, 2893, 2867, 1741, 1464, 1438, 1257, 1170, 1123,
"o Gaunt, M. J.; Jessiman, A. S.; Orsini, P.; Tanner, H. R.; Hook, D. F.; Ley, S. V. Org. Lett. 2003, 5, 4819.
." For general scheme: Rychnovsky, S. D. J. Org. Chem. 1989,54,4982. See also ref. 94.
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1065, 883, 797, 683. HRMS-ESI (m/z): [M + H]* calculated for C 4H30O4Si, 291.1986; found,
291.1988. [a]D = -8.6 (c = 1.5, CHCl3 , 24 *C).
0 OTMS
MeO - OTIPS
2.90
(S)-Methyl 4 -((triisopropylsilyl)oxy)-3-((trimethylsilyl)oxy)butanoate (2.90): Hydroxy ester
S2.1 (17.04 g, 58.7 mmol, 1.0 equiv) was dissolved in CH2Cl2 (400 mL) and cooled to 0 *C.
Triethylamine (18.0 mL, 129 mmol, 1.1 equiv) was added, followed by TMSCI (8.2 mL, 64.5
mmol, 2.2 equiv). The reaction was stirred for 3 h, gradually warming to room temperature. The
reaction was quenched with sat. aq. NH 4C1, and the aqueous layer was extracted with CH2Cl2 .
The combined organics were dried over Na2SO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (95:5 hexanes/EtOAc) afforded the title compound as a colorless oil (20.18 g,
95%). 'H NMR (500 MHz, CDCl3 ): 8 4.18 (dddd, J = 3.9, 5.3, 7.3, 8.6 Hz, 1H); 3.69 (s, 3H);
3.67 (dd, J = 5.3, 9.7 Hz, 1H); 3.49 (dd, J = 7.3, 9.7 Hz, 1H); 2.72 (dd, J = 3.9, 15.0 Hz, 1H);
2.39 (dd, J = 8.6, 15.0 Hz, 1H); 1.06 (m, 21H); 0.11 (s, 9H). 13C NMR (125 MHz, CDC 3 ): 5
172.6, 70.6, 67.4, 51.7, 40.3, 18.2, 12.1, 0.4. IR (NaCl plate, thin film, cm-): 2946, 2894, 2867,
1744, 1463, 1438, 1251, 1171, 1124, 1088, 1013, 997, 883, 843, 804, 683. HRMS-ESI (m/z):
[M + H]* calculated for C17H3sO4 Si2, 363.2381; found, 363.2385. [c],, = -26.3 (c = 1.2, CHC13,
23 *C).
0 OTMS
H ' OTIPS
2.91
(S)-4-((Triisopropylsilyl)oxy)-3-((trimethylsilyl)oxy)butana (2.91): To a solution of ester
2.90 (10.39 g, 28.7 mmol, 1.0 equiv) in Et2O (250 mL) at -78 *C was added DIBAL-H (1.0 M in
CH2Cl2, 57.3 mL, 57.3 mmol, 2.0 equiv) dropwise via addition funnel. (Note: Use of 1.0 equiv of
DIBAL-H led to an inseparable mixture of aldehyde and recovered ester.) The reaction was
stirred at -78 *C for 2 h, then quenched with MeOH (5 mL) and sat. aq. Rochelle's salt solution.
The mixture was allowed to warm to room temperature and stir until phase separation was
observed. The aqueous layer was extracted three times with Et2 O. The combined organics were
dried over MgSO 4 , filtered, and concentrated in vacuo. Silica gel chromatography (95:5
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hexanes/EtOAc) afforded the title compound as a colorless oil (7.72 g, 81%). 'H NMR (500
MHz, CDCl3): 6 9.82 (t, J= 2.3 Hz, IH); 4.24 (dddd, J = 4.9, 4.9, 7.3, 7.3 Hz, 1H); 3.73 (dd, J =
5.0,9.7 Hz, 1H); 3.53 (dd, J = 7.4,9.7 Hz, 1H); 2.72 (ddd, J = 2.1, 4.7, 15.9 Hz, 1H); 2.55 (ddd,
J = 2.7, 7.2, 15.9 Hz, 1H); 1.06 (m, 21H); 0.13 (s, 9H). 13C NMR (125 MHz, CDC3 ): 6 201.9,
69.0, 67.5, 49.1, 18.2, 12.1, 0.4. IR (NaCl plate, thin film, cm 1): 2946, 2868, 2724, 1731, 1464,
1384, 1252, 1100, 1070, 1013, 882, 843, 682. HRMS-ESI (m/z): [M + H]* calculated for
C16H360 3Si2, 333.2276; found, 333.2279. [a]D = -19.3 (c = 1.0, CHCl3, 24 *C).
0 0
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2.87
(6S)-2,2-Dimethyl-6-(((triisopropylsilyl)oxy)methyl)-1,3-dioxane-4-carbonitrile (2.87): To
aldehyde 2.91 (10.87 g, 32.7 mmol, 1.0 equiv) at 0 *C were added TMSCN (4.25 mL, 32.7
mmol, 1.0 equiv), KCN (1 mg), and 18-crown-6 (4 mg). The reaction was stirred for 1 h,
warming to rt. Acetone (80 mL) and 2,2-dimethoxypropane (20 mL) were added, followed by
camphorsulfonic acid (125 mg). The reaction mixture was stirred 48 h at rt. Triethylamine (5
mL) was added and the mixture stirred for 10 min, then concentrated in vacuo. Silica gel
chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the title compound as a mixture of cis
and trans acetonide diastereomers, small portions of which were separated by chromatography
for characterization (7.55 g, 71%).
Cis acetonide (2.87a): 'H NMR (500 MHz, CDCl3 ): 6 4.80 (dd, J = 2.9, 12.1 Hz, 1H); 3.96
(dddd, J = 2.6, 4.8, 6.9, 9.3 Hz, 1H); 3.79 (dd, J = 4.8, 9.9 Hz, 1H); 3.58 (dd, J = 6.7, 9.9 Hz,
1H); 2.02 (dt, Jd = 13.0 Hz, J, = 2.7 Hz, 1H); 1.85 (m, 1H); 1.47 (s, 3H); 1.44 (s, 3H); 1.07 (m,
21H). 3C NMR (125 MHz, CDC 3): 6 118.2, 100.1,69.0,66.5, 59.3, 32.1,29.6, 19.4, 18.1,12.1.
IR (NaCl plate, thin film, cm-1): 2996, 2944, 2892, 2867, 1464, 1383, 1259, 1205, 1165, 1144,
1123, 1057, 1007, 882, 772, 683. HRMS-ESI (m/z): [M + Na]* calculated for C 7 H33NO 3 Si,
350.2122; found, 350.2125. [a]D = -5.3 (c = 1.4, CHC 3, 24 *C).
Trans acetonide (2.87b): 'H NMR (500 MHz, CDC 3 ): 6 4.89 (m, IH); 4.23 (m, 1H); 3.82 (dd, J
= 4.9, 10.1 Hz, 1H); 3.64 (dd, J = 6.0, 10.1 Hz, 1H); 1.98 (m, 2H); 1.70 (s, 3H); 1.39 (s, 3H);
1.07 (m, 21H). 13C NMR (125 MHz, CDC 3 ): 6 120.1, 100.9, 66.7, 66.3, 58.9, 30.6, 29.8, 22.1,
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18.1, 12.1. IR (NaCl plate, thin film, cm-1): 2944, 2867, 1464, 1384, 1263, 1244, 1206, 1122,
989, 882, 787, 683. HRMS-ESI (m/z): [M + Na]* calculated for, C17H33NO 3 Si, 350.2122; found,
350.2135. [o]D =+ 16.7 (c = 0.48, CHCl3, 24 *C).
0
Me 2.86
(E)-2-(3-Methyl-5-phenylpent-3-en-1-yl)oxirane (2.86): To NaH (60% dispersion in mineral
oil, 0.457 g, 11.4 mmol, 1.1 equiv) was added pentane (10 mL). The mixture was stirred for 10
min at rt, then decanted. To the NaH was added DMSO (50 mL), then trimethylsulfoxonium
iodide (2.63 g, 11.9 mmol, 1.15 equiv). The mixture was stirred 30 min at rt, then aldehyde 2.61
(1.95 g, 10.4 mmol, 1.0 equiv) was added. The reaction was stirred an additional 30 min at rt,
then for 3 h at 60 *C. The reaction was allowed to cool to rt, then was quenched with water (200
mL) and extracted four times with Et2 O. The combined organics were washed once with water,
then dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (95:5 to
90:10 hexanes/EtOAc) afforded the title compound as a pale yellow liquid (715.8 mg, 34%). 'H
NMR (500 MHz, CDCl3): 7.29 (m, 2H); 7.19 (m, 3H); 5.41 (td, Jt = 7.3 Hz, Jd= 1.2 Hz, 1H);
3.38 (d, J = 7.3 Hz, 2H); 2.93 (m, 1H); 2.75 (dd, J = 4.3, 5.0 Hz, 1H); 2.48 (dd, J = 2.7, 5.0 Hz,
IH); 2.21 (m, 2H); 1.75 (s, 3H); 1.69 (td, J, = 7.8 Hz, J = 5.7 Hz, 2H). 13C NMR (125 MHz,
CDCl3 ): 141.7, 135.3, 128.6, 128.5, 126.0, 123.9, 52.3, 47.4, 36.0, 34.4, 31.2, 16.4. IR (NaCl
plate, thin film, cm-): 3027, 2979, 2920, 2853, 1603, 1494, 1453, 1410, 1384, 1261, 1074, 1030,
916,837,742,699.
O O
j. OTIPS
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2.93
(4S,6S)-4-Allyl-2,2-dimethyl-6-(((triisopropylsilyl)oxy)methyl)-1,3-dioxane-4-carbonitrile
(2.93): Diisopropylamine (2.67 mL, 19.1 mmol, 1.5 equiv) was dissolved in THF (20 mL) and
cooled to -78 *C. To this was added n-butyllithium (2.5 M in hexanes, 7.63 mL, 19.1 mmol, 1.5
equiv) at -78 'C. The LDA solution was warmed to 0 'C in an ice bath for 10 minutes, then re-
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cooled to -78 *C. In a separate reaction flask, nitrile 2.87 (4.17 g, 12.7 mmol, 1.0 equiv) was
dissolved in THF (70 mL) and cooled to -78 'C. The LDA solution was added via cannula and
the resultant reaction mixture stirred 30 min at -78 'C. Allyl bromide (2.20 mL, 25.4 mmol, 2.0
equiv) was filtered through a plug of basic alumina and added to the reaction as a solution in
THF (10 mL). The reaction was stirred 2 h further at -78 'C, then was quenched with sat. aq.
NH 4 Cl. After warming to rt, the aqueous layer was extracted three times with Et2O. The
combined organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel
chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the title compound as a pale yellow oil
(2.46 g, 53%), along with recovered starting material (1.07 g). 1H NMR (500 MHz, CDCl 3): 6
5.88 (dddd, J = 7.0, 7.5, 10.3, 17.4 Hz, 1H); 5.27 (m, 1H); 4.24 (m, 1H); 3.83 (dd, J = 4.9, 10.1
Hz, 1H); 3.63 (dd, J = 5.9, 10.1 Hz, 1H); 2.60 (dd, J = 7.0, 13.8 Hz, 1H); 2.51 (dd, J = 7.5, 13.8
Hz, 1H); 1.91 (dd, J= 2.1, 13.6 Hz, 1H); 1.72 (s, 3H); 1.58 (dd, J= 11.7, 13.5 Hz, 1H); 1.40 (s,
3H); 1.08 (m, 21H). 13C NMR (125 MHz, CDCl 3 ): 6 130.1, 121.8, 121.1, 101.1, 69.6, 67.5, 66.4,
46.9, 35.9, 30.8, 21.6, 18.1, 12.1. IR (NaCl plate, thin film, cm-'): 3082, 2944, 2867, 1644, 1464,
1384, 1253, 1207, 1150, 1123, 996, 921, 882, 802, 777, 682. HRMS-ESI (m/z): [M + Na]*
calculated for C20H37NO 3 Si, 390.2435; found, 390.2434. [a]D = +18.3 (c = 0.82, CHC 3, 24 *C).
0 0
OTIPS
2.94
(((4S,6S)-6-Allyl-2,2-dimethyl-1,3-dioxan-4-yl)methoxy)triisopropylsilane (2.94): In a 50 mL
round-bottom flask equipped with stir bar and dry ice condenser, nitrile 2.93 (2.30 g, 6.26 mmol,
1.0 equiv) was dissolved in a minimal amount of THF (5 mL) and cooled to -78 *C in a dry
ice/acetone bath. Ammonia (~ 15 mL) was condensed into the flask. Freshly cut lithium wire
(217 mg, 31.3 mmol, 5.0 equiv) was rinsed with hexanes and added to the reaction mixture. The
dry ice bath was removed and the reaction allowed to reflux for 30 min, as the substrate proved
sparingly soluble at low temperatures. The reaction was quenched carefully with solid NH 4Cl
then water until gas evolution ceased, then extracted three times with Et2O. The combined
organics were dried over MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography
(95:5 hexanes/EtOAc) afforded the title compound (1.40 g, 65%). 1H NMR (500 MHz, CDC 3 ):
8 5.83 (dddd, J = 6.7, 7.3, 10.2, 17.1 Hz, 1H); 5.08 (m, 2H); 3.93 (m, 2H); 3.77 (dd, J = 5.1, 9.7
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Hz, 1H); 3.54 (dd, J = 6.7, 9.7 Hz, 1H); 2.33 (m, 1H); 2.19 (m, 1H); 1.71 (dt, J, = 2.5 Hz, Jd =
12.9 Hz, 1H); 1.46 (s, 3H); 1.39 (s, 3H); 1.07 (m, 21H). 13 C NMR (125 MHz, CDCl3 ): 6 134.5,
117.2, 98.7, 70.2, 68.8, 67.5, 41.2, 34.0, 30.3, 20.0, 18.2, 12.2. IR (NaCl plate, thin film, cm-1):
3078, 2993, 2943, 2867, 1643, 1464, 1380, 1262, 1201, 1173, 1116, 995, 916, 883, 800, 770,
682. HRMS-ESI (m/z): [M + H]* calculated for C1,9H 380 3Si, 343.2663; found, 343.2674. [a]D
-16.2 (c = 0.99, CHCl3,23 C).
H -
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2-((4R,6S)-2,2-Dimethyl-6-(((triisopropylsilyl)oxy)methyl)-1,3-dioxan-4-yl)acetaldehyde
(2.95): Alkene 2.94 (248 mg, 0.72 mmol, 1.0 equiv) was dissolved in CH 2Cl2 (7.2 mL) and
cooled to -78 *C. Ozone was bubbled through the solution for lh, or until the solution appeared
blue in color. Nitrogen was bubbled through the solution briefly to purge, then
triphenylphosphine (285 mg, 1.09 mmol, 1.5 equiv) was added at -78 *C. Following the addition
of PPh3, the reaction mixture was allowed to warm to rt and was then concentrated in vacuo.
Silica gel chromatography (95:5 to 90:10 hexanes/EtOAc) afforded the title compound as a
colorless oil (227 mg, 91%). 'H NMR (500 MHz, CDCl3 ): 6 9.80 (dd, J = 1.7, 2.3 Hz, 1H); 4.45
(dddd, J = 2.5, 4.7, 7..4, 11.9 Hz, 1H); 4.00 (dddd, J = 2.5, 5.0, 6.9, 11.5 Hz, 1H); 3.78 (dd, J =
5.0, 9.8 Hz, 1H); 3.55 (dd, J = 6.7,9.8 Hz, 1H); 2.64 (ddd, J = 2.4, 7.5, 16.6 Hz, 1H); 2.51 (ddd,
J = 1.7, 4.7, 16.6 Hz, 1H); 1.76 (dt, J, = 2.5 Hz, J = 12.8 Hz, 1H); 1.49 (s, 3H); 1.37 (s, 3H);
1.27 (ddd, J = 11.6, 11.6, 12.6 Hz, 1H); 1.07 (m, 21H). 3 C NMR (125 MHz, CDCl 3 ): 8 201.2,
98.9, 70.0, 67.1, 64.8, 50.1, 34.0, 30.1, 19.9, 18.1, 12.1. IR (NaC1 plate, thin film, cm-1): 2993,
2944, 2893, 2867, 1728, 1464, 1382, 1262, 1201, 1170, 1126, 997, 882. HRMS-ESI (m/z): [M +
Na]* calculated for Ci8 H3 6O4 Si, 367.2275; found, 367.2282. [a]D = -14.3 (c = 1.7, CHC13, 24 C).
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(E)-2-(Trimethylsilyl)ethy1 2-(2-((4R,6S)-2,2-dimethyl-6-(((triisopropylsilyl)oxy)methyl)-1,3-
dioxan-4-yl)acetyl)-4-methyl-6-phenylhex-4-enoate (2.96): To a solution of diisopropylamine
(378 tL, 2.69 mmol, 1.1 equiv) in THF (5 mL) at -78 *C was added n-butyllithium (2.5 M in
hexanes, 1.08 mL, 2.69 mmol, 1.1 equiv). The mixture was warmed to 0 *C and stirred at that
temperature for 10 min. The resulting LDA solution was added to a solution of ester 2.83 (820
mg, 2.69 mmol, 1.1 equiv) in THF (20 mL) at -78 *C. The reaction was stirred for 30 min at -78
'C, and a solution of aldehyde 2.95 (844 mg, 2.45 mmol, 1.0 equiv) in THF (5 mL) was added
via cannula. The reaction was stirred for an additional 2 h at -78 *C. The reaction was quenched
with saturated aq. NH 4Cl and extracted with Et2O. The combined organics were dried over
MgSO 4, filtered, and concentrated in vacuo. Silica gel chromatography (95:5 to 90:10
hexanes/EtOAc) afforded the aldol adduct (1.34 g, 84%) as a mixture of diastereomers, which
was carried forward to the next step.
To a solution of aldol adduct (1.34 g, 2.07 mmol, 1.0 equiv) in CH 2Cl2 were added 4A
molecular sieves (500 mg), NMO (485 mg, 4.14 mmol, 2.0 equiv), and TPAP (73 mg, 0.21
mmol, 10 mol %). The reaction was stirred at rt for 2 h, then filtered through a plug of silica. The
filtrate was concentrated in vacuo. Silica gel chromatography (90:10 hexanes/EtOAc) afforded
the title compound as an undefined mixture of diastereomers at the central carbon of the p-
ketoester (1.22 g, 91%). 'H NMR (500 MHz, CDCl3): 8 7.27 (m, 2H); 7.18 (m, 1H); 7.14 (m,
2H); 5.40 (tt, J = 1.4, 7.4 Hz, 1H); 4.37 (m, 1H); 4.14 (m, 2H); 3.95 (dddd, J = 2.6, 5.3, 6.4, 8.9
Hz, 1H); 3.73 (dd, J= 5.1, 9.9 Hz, 1H); 3.71 (m, 1H); 3.53 (dd, J= 6.4, 9.9 Hz, 1H); 3.33 (d, J=
7.3 Hz, 2H); 2.79 (app dt, 1H); 2.59 (m, 2H); 2.53 (m, 1H); 1.73 (app d, 3H); 1.70 (m, 1H); 1.44
(app d, 3H); 1.33 (s, 3H); 1.11 (m, 1H); 1.06 (m, 21H); 0.94 (m, 2H); 0.03 (app d, 9H). 13C NMR
(125 MHz, CDCl3): 8 203.0, 167.7, 169.5, 141.2 (2 peaks), 132.5, 132.4, 128.6, 128.5, 126.0 (2
peaks), 125.9, 98.9, 70.0, 67.3, 65.7, 63.9, 58.9, 58.5, 48.7, 48.6, 37.8, 37.6, 34.4, 34.0, 33.9,
30.1, 19.9 (2 peaks), 18.1, 17.5 (2 peaks), 16.4, 16.3, 12.1 (2 peaks), -1.3 (2 peaks). IR (NaCl
plate, thin film, cm-1): 2945, 2866, 1740, 1717, 1495, 1464, 1381, 1251, 1201, 1169, 1067, 993,
882, 860, 838, 697. [a]D = -12.2 (c = 0.57, CHC13, 24 *C).
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(E)-1-((4R,6S)-6-(Hydroxymethyl)-2,2-dimethyl-1,3-dioxan-4-yl)-5-methyl-7-phenylhept-5-
en-2-one (2.97): To a solution of p-ketoester 2.96 (1.07 g, 1.66 mmol, 1.0 equiv) in THF (16
mL) was added TBAF (1 M in THF, 4.15 mL, 4.15 mmol, 2.5 equiv). The reaction was stirred at
rt overnight, then quenched with saturated aq. NH 4 Cl and extracted with Et2O, then EtOAc. The
combined organics were dried over MgSO4, filtered, and concentrated in vacuo. Silica gel
chromatography (1:1 hexanes/EtOAc) afforded the title compound as a colorless oil (409 mg,
71%). 'H NMR (500 MHz, CDCl 3 ): 8 7.28 (m, 2H); 7.17 (m, 3H); 5.34 (td, J, = 7.3 Hz, Jd = 1.2
Hz, 1H); 4.37 (m, 1H); 4.01 (dddd, J = 2.8, 2.8, 5.9, 5.9 Hz, 1H); 3.60 (m, 1H); 3.48 (m, 1H);
3.35 (d, J = 7.3 Hz, 2H); 2.69 (dd, J= 6.9, 16.2 Hz, 1H); 2.57 (app td, 2H); 2.43 (dd, J = 5.6,
16.2 Hz, 1H); 2.31 (t, J = 7.7 Hz, 2H); 1.98 (br, 1H); 1.72 (s, 3H); 1.48 (m, 1H); 1.46 (s, 3H);
1.37 (s, 3H); 1.27 (m, 1H). 13 C NMR (125 MHz, CDCl 3 ): 8 208.6, 141.6, 134.9, 128.6, 128.5,
126.0, 123.8, 99.1, 69.6, 66.1, 65.4, 49.3, 42.7, 34.4, 33.3, 32.2, 30.1, 20.0, 16.5. IR (NaCl plate,
thin film, cn-'): 3471, 3027, 2993, 2915, 1713, 1494, 1453, 1381, 1268, 1201, 1168, 1127, 1059,
1028, 989, 911, 733, 699. HRMS-ESI (m/z): [M + H]* calculated for C21H3004, 347.2217; found,
347.2230. [a]D= +1.5 (c = 1.68, CHCl3, 24 C).
OTs
Me 2.98
((4S,6R)-2,2-Dimethyl-6-((E)-5-methyl-2-oxo-7-phenylhept-5-en-1-yl)-1,3-dioxan-4-
yl)methyl 4-methylbenzenesulfonate (2.98): To a solution of compound 2.97 (103.9 mg, 0.30
mmol, 1.0 equiv) in CH2Cl2 (2 mL) at 0 *C was added triethylamine (105 tL, 0.75 mmol, 2.5
equiv). In a small vial, tosyl chloride (91.5 mg, 0.48 mmol, 1.6 equiv) and Me3NHCl (4.3 mg,
0.045 mmol, 15 mol %) were shaken in CH 2Cl 2 (1 mL) until homogeneous. This solution was
then added to the reaction mixture dropwise via syringe over 5 min. The reaction was stirred for
1 h at 0 *C, then quenched with saturated aq. NH4Cl. The organic phase was separated, and the
aqueous phase washed with CH2Cl2. The organic extracts were washed with saturated aq.
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NaHCO3, then brine. The combined organics were dried over MgSO 4, filtered, and concentrated
in vacuo. Silica gel chromatography (80:20 to 2:1 hexanes/EtOAc) afforded the title compound
(124.2 mg, 83%). 'H NMR (500 MHz, CDCl 3): 8 7.79 (d, J = 8.3 Hz, 2H); 7.34 (d, J = 8.3 Hz,
2H); 7.28 (m, 2H); 7.17 (m, 3H); 5.33 (tq, J, = 7.3 Hz, Jq = 1.3 Hz, 1H); 4.31 (m, 1H); 4.08 (m,
1H); 3.96 (dd, J = 5.8, 10.3 Hz, 1H); 3.90 (dd, J = 4.5, 10.3 Hz, 1H); 3.34 (d, J = 7.3 Hz, 2H);
2.65 (dd, J = 6.9, 16.3 Hz, 1H); 2.55 (app dt, 2H); 2.45 (s, 3H); 2.40 (dd, J = 5.5, 16.3 Hz, 1H);
2.30 (t, J = 7.6 Hz, 2H); 1.72 (s, 3H); 1.54 (dt, Jd = 12.7 Hz, J, = 2.5 Hz, 1H); 1.37 (s, 3H); 1.27
(s, 3H); 1.13 (app q, 1H). 13C NMR (125 MHz, CDC 3 ): 8 208.3, 145.0, 141.5, 134.8, 133.1,
130.0, 128.6, 128.5, 128.2, 126.0, 123.8, 99.2, 72.3, 66.9, 65.1, 49.1, 42.6, 34.3, 33.3, 32.6, 29.9,
21.8, 19.7, 16.5. IR (NaCl plate, thin film, cm-'): 3061, 3027, 2992, 2917, 1715, 1599, 1495,
1453, 1363, 1264, 1177, 1098, 975, 816, 699, 667. HRMS-ESI (m/z): [M + Na]* calculated for
C28H 3606S, 523.2125; found, 523.2131. [aID= +2.0 (c = 2.33, CHC 3, 24 *C).
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Chapter 2: Spectra
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